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Abstract
A comprehensive study of exclusive hadronic B-meson decays into final states con-
taining two pseudoscalar mesons (PP ) or a pseudoscalar and a vector meson (PV )
is presented. The decay amplitudes are calculated at leading power in ΛQCD/mb
and at next-to-leading order in αs using the QCD factorization approach. The
calculation of the relevant hard-scattering kernels is completed. Important classes
of power corrections, including “chirally-enhanced” terms and weak annihilation
contributions, are estimated and included in the phenomenological analysis. Pre-
dictions are presented for the branching ratios of the complete set of the 96 decays
of B−, B¯0, and B¯s mesons into PP and PV final states, and for most of the
corresponding CP asymmetries. Several decays and observables of particular phe-
nomenological interest are discussed in detail, including the magnitudes of the
penguin amplitudes in PP and PV final states, an analysis of the πρ system, and
the time-dependent CP asymmetry in the Kφ and Kη′ final states.
1 Introduction
As the B factories [1, 2] continue to accumulate large data samples, an increasing number
of different B-decay modes becomes accessible to investigation. Many of these modes
carry interesting information on CP-violating interactions or hadronic flavor-changing
neutral currents, but except for a number of decay channels considered “theoretically
clean” a theoretical framework is required to correct for the effects of the strong inter-
action.
For a long time, exclusive two-body B-decay amplitudes have been estimated in the
“naive” factorization approach (see, e.g., [3, 4, 5, 6, 7] and references therein) or modifi-
cations thereof. In many cases this approach provides the correct order of magnitude of
branching fractions, but it cannot predict direct CP asymmetries due to the assumption
of no strong rescattering. It is therefore no longer adequate for a detailed phenomeno-
logical analysis of B-factory data. Naive factorization has now been superseded by QCD
factorization [8, 9]. Although not yet proved rigorously, this scheme provides the means
to compute two-body decay amplitudes from first principles. Its accuracy is limited
only by power corrections to the heavy-quark limit and the uncertainties of theoretical
inputs such as quark masses, form factors, and light-cone distribution amplitudes. For
the charmless decays considered in this paper the lowest-order approximation in QCD
factorization coincides with “naive” factorization.
Among the charmless hadronic B decays, the modes B → ππ and B → πK have been
studied first and most extensively within QCD factorization [8, 10, 11, 12, 13], because
they are the simplest decays for which a significant interference of tree and penguin
amplitudes is expected. Other specific final states that have been investigated include
those with vector mesons and exotic mesons [14, 15, 16, 17], as well as η or η′ along with a
pseudoscalar or vector kaon [18]. In the present paper, we complete the phenomenology
of hadronic B decays into two light pseudoscalar mesons or one pseudoscalar and one
vector meson, all from the ground-state nonet. We consider the complete set of 96
decay modes, including decays of Bs mesons, and decays into mesons with flavor-singlet
components. We also summarize in a compact notation all the required decay coefficients
and hard-scattering kernels up to the next-to-leading order in αs. In a series of recent
papers [19, 20, 21] Du et al. have considered a subset of these decay modes, including
decays of Bs mesons. In [22, 23] fits to the data on pseudoscalar–vector meson final
states based on the generalization of the hard-scattering kernels of [10] to these final
states have been performed. While we agree qualitatively with the conclusions reached
from these fits, we believe that it is currently more useful to investigate in more detail the
dynamical origin of agreements and discrepancies with experimental data. In this respect
the analysis presented in this paper is more complete than the fits performed previously
as far as decay channels, error estimates, and analysis of observables are concerned.
The motivation for our analysis is threefold: First, the larger set of decay channels
provides additional information on the CKM phase γ and on hadronic flavor-changing
currents, complementary to the ππ and πK final states. Second, the different strong-
interaction dynamics underlying specific decay modes provides valuable tests of the QCD
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factorization framework. Being able to compute correctly a large number of decays,
including “uninteresting” ones, increases our confidence in the reliability of the approach
where it is necessary to extract fundamental parameters. An example of this concerns
the role of so-called scalar penguin operators, which are an important contribution to
the penguin amplitude in decays to pions and kaons, but which are expected to be
suppressed for decays into vector mesons [15, 24]. Finally, our analysis provides up-to-
date expectations for the branching fractions of decay modes yet to be discovered.
The outline of the paper is as follows: In the rather technical Section 2 we briefly
review the QCD factorization approach and then collect the notation, definitions, and
analytic formulae required to compute the complete set of B → PP and B → PV decay
amplitudes at next-to-leading order. This includes a new notation for the parameteriza-
tion of flavor amplitudes, which we find more convenient than the conventional notation
in terms of parameters ai. Sections 3 and 4 contain a summary of the input parameters
entering our analysis and an outline of the adopted analysis strategy for the large set of
final states. Also included in Section 4 is a discussion of the B− → π−π0 tree amplitude.
We then analyze separately penguin-dominated ∆S = 1 and ∆D = 1 decays, and
tree-dominated ∆D = 1 decays in Sections 5 and 6, respectively. We begin with an
investigation of the magnitude of the penguin amplitude in ∆S = 1 decays, which dom-
inates the overall decay rate. The factorization approach makes distinct predictions for
this amplitude depending on whether the final state is PP , PV , or V P . The comparison
with existing data provides important information on the usefulness of next-to-leading
order calculations in QCD factorization and simultaneously on the magnitude of pen-
guin weak annihilation. We proceed to discuss ratios of branching fractions, and a few
observations that we find difficult to accommodate in the Standard Model: we quantify
the correction to the measurement of sin 2β in the final states φKS and η
′KS, and we
define a new ratio involving the π0K¯0 final state that may suggest an anomaly in the
electroweak penguin sector. We also consider penguin-dominated ∆D = 1 decays, which
have small branching fractions, and discuss empirical constraints on the size of weak
annihilation contributions.
Section 6 on tree-dominated decays focuses on the information that results from
the measurement of πρ final states. In addition to CP-averaged branching fractions,
direct CP asymmetries, and certain ratios of branching fractions, we consider the five
asymmetries that can be defined in the time-dependent study of the final states π∓ρ±. We
find that the asymmetry S is well-suited to constrain γ. S together with the analogous
quantity in B → π+π− decay imply γ = 70◦ with an error of about 10◦ at 1σ. In this
analysis as in the rest of the paper we adopt the quasi two-body assumption, which
considers the vector mesons as stable, neglecting interference effects related to the non-
negligible widths of the decaying vector mesons.
In Section 7 we summarize the results for final states containing η or η′, which
complete those of [18], where an additional K or K∗ in the final state was assumed. We
briefly discuss the decays of Bs mesons in Section 8, and conclude in Section 9. In three
appendices we collect: (i) the complete set of decay amplitudes expressed in terms of
the amplitude parameters αi (formerly ai) and βi, including weak annihilation; (ii) the
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convolutions of the new hard-scattering kernels with the distribution amplitudes of vector
mesons up to the second Gegenbauer moment; and (iii) the results of the BaBar, Belle,
and CLEO experiments, from which we computed the experimental averages used in the
paper.
Guide to reading the paper
Since, in the course of time, this paper has grown to an undue volume, we have structured
it such that most sections can be read independently of each other. Most of the material
in Section 2 and Appendices A and B provides an up-to-date summary of the technical
work necessary to implement QCD factorization at next-to-leading order. The reader
familiar with the basic ideas of the theoretical framework may read only Section 2.1. The
reader interested only in specific phenomenological applications should consult Sections 3
and 4 (omitting perhaps Section 4.3) and the introduction to Section 5, where we specify
the theoretical input, the general strategy of the analysis, and the definition of specific
analysis scenarios. The analysis sections 4.3 (tree amplitude in B → ππ decays), 5
(penguin-dominated decays), 6 (tree-dominated decays), 7 (final states with η or η′),
and 8 (Bs decays) could then be read independently.
2 Two-body decay amplitudes
In this section we detail the theoretical framework within which our results for the decay
amplitudes are computed. We begin with a brief summary of the QCD factorization
method. We then introduce a new notation for the basic transition operator T , which
allows us to describe pseudoscalar and vector mesons in the final two-body state in terms
of a single expression. The decay amplitude for B¯ →M1M2 is proportional to the matrix
element 〈M1M2|T |B¯〉. The transition operator is decomposed into a complete basis of
“flavor operators” accounting for the different topologies of the various decay mechanisms
(tree, penguin, annihilation, etc.). After a summary of light-cone distribution amplitudes
we collect the results for the coefficients of the different terms in the transition operator.
This discussion is necessarily rather technical, as one of our goals is to provide a reference
for the decay amplitudes and hard-scattering kernels in QCD factorization at next-to-
leading order. Some readers may wish to read only Section 2.1 and then continue with
Section 3.
2.1 The QCD factorization approach
A detailed discussion of the QCD factorization approach can be found in [8, 9, 10].
Here we recapitulate the basic formulae to set up the notation. The effective weak
Hamiltonian for charmless hadronic B decays consists of a sum of local operators Qi
multiplied by short-distance coefficients Ci and products of elements of the quark mixing
matrix, λ
(D)
p = VpbV
∗
pD, where D = d, s can be a down or strange quark depending
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on the decay mode under consideration, and p = u, c, t. Using the unitarity relation
λ
(D)
u + λ
(D)
c + λ
(D)
t = 0 we write
Heff = GF√
2
∑
p=u,c
λ(D)p
(
C1Q
p
1 + C2Q
p
2 +
10∑
i=3
CiQi + C7γ Q7γ + C8gQ8g
)
+ h.c. , (1)
where Qp1,2 are the left-handed current–current operators arising fromW -boson exchange,
Q3,...,6 and Q7,...,10 are QCD and electroweak penguin operators, and Q7γ and Q8g are
the electromagnetic and chromomagnetic dipole operators as given in [10]. The effective
Hamiltonian describes the quark transitions b → uu¯D, b → cc¯D, b → Dq¯q with q =
u, d, s, c, b, and b → Dg, b → Dγ, as appropriate for decay modes with interference
of “tree” and “penguin” contributions. The Wilson coefficients are evaluated at next-
to-leading order, consistent with the calculation of operator matrix elements described
below. For the coefficients of electroweak penguin operators the evaluation described in
[10], which incorporates some terms normally counted as next-to-next-to-leading order,
is employed.
The QCD factorization formalism allows us to compute systematically the matrix
elements of the effective weak Hamiltonian in the heavy-quark limit for certain two-
body final states M ′1M
′
2. In condensed notation, the matrix element of every operator in
the effective Hamiltonian is evaluated as
〈M ′1M ′2|Qi|B¯〉 =
∑
{M1,M2}∈{M ′1,M ′2}
FB→M1j T
I
ij ∗ fM2ΦM2
+ T IIi ∗ fBΦB ∗ fM ′1ΦM ′1 ∗ fM ′2ΦM ′2 , (2)
where FB→M1j is an appropriate form factor, ΦM are leading-twist light-cone distribution
amplitudes, and the star products imply an integration over the light-cone momentum
fractions of the constituent quarks inside the mesons. A graphical representation of this
result is shown in Figure 1. Whenever the spectator antiquark line goes from the B¯
meson to one of the final-state mesons we call this meson M1 and the other one M2.
The sum in the first term on the right-hand side of (2) accounts for the possibility that
for particular final states the spectator antiquark can end up in either one of the two
mesons. If the spectator antiquark is annihilated we use the convention that M1 is the
meson that carries away the antiquark from the weak decay vertex.
A justification of the factorization formula for final states in which M1 is a heavy
meson (applicable to D mesons in the heavy-quark limit) can be found in [9, 25]. In this
case the term in the second line of (2) is absent. For final states with two light mesons
factorization has been proved at order αs [8], but a complete proof has not yet been
given (for recent developments in this direction, see [26]). The factorization formula
reduces the complicated hadronic matrix elements of four-quark operators to simpler
non-perturbative quantities and calculable hard-scattering kernels T Iij and T
II
i . In this
paper we complete the calculation of all relevant kernels at next-to-leading order in αs.
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Figure 1: Graphical representation of the factorization formula (2). Only one
of the two form-factor terms is shown for simplicity.
The light-cone expansion implies that only leading-twist distribution amplitudes are
needed in the heavy-quark limit. There exist however a number of subleading quark–
antiquark distribution amplitudes of twist 3, which have large normalization factors for
pseudoscalar mesons, e.g. for the pion
rpiχ(µ) =
2m2pi
mb(µ) (mu +md)(µ)
∼ ΛQCD
mb
. (3)
For realistic b-quark masses these “chirally-enhanced” terms are not much suppressed
numerically. We therefore include in our analysis all quark–antiquark twist-3 ampli-
tudes. (The quark–antiquark–gluon amplitude at twist-3 does not have an anomalously
large normalization.) In order to perform the same analysis for all final states we also
include the quark–antiquark twist-3 amplitudes for vector mesons, even though there is
no particular enhancement in this case, rχ being replaced by 2mV /mb times a ratio of
two decay constants (see below), with mV the vector-meson mass.
The inclusion of chirally-enhanced terms is important to account for the large branch-
ing fractions of penguin-dominated decay modes with pseudoscalar final-state mesons,
such as B → πK [10], but it also causes a number of conceptual problems. Factorization
is not expected to hold at subleading order in ΛQCD/mb and, somewhat unfortunately,
is indeed violated by some of the chirally-enhanced terms [8]. In contrast to the leading-
twist distribution amplitudes, the twist-3 two-particle amplitudes do not vanish at the
endpoints but rather approach constants. The kernels T Iij in the first term of the fac-
torization formula also approach constants at the endpoints (modulo logarithms), and
hence there is no difficulty with this term. These kernels include the important scalar
penguin amplitude mentioned in the introduction, conventionally denoted by a6. How-
ever, the second term in the factorization formula, which accounts for the interactions
with the spectator quark, contains integrals that are dominated by the endpoint regions
if the distribution amplitudes do not vanish at the endpoint. These integrals formally
diverge logarithmically in a perturbative framework. This implies a non-factorizable soft
interaction with the spectator quark, while M1 is formed in a highly asymmetric con-
figuration, in which one quark carries almost all the momentum of the meson. Similar
factorization-breaking effects occur in weak annihilation contributions, which are also
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suppressed by at least one power of ΛQCD/mb in the heavy-quark expansion.
In [10] we have parameterized the power corrections from chirally-enhanced and weak
annihilation terms in an ad hoc way and included a variation of the corresponding pa-
rameters in our error estimate. Based on the analysis of ππ and πK final states we
concluded that these factorization-breaking terms introduce a sometimes substantial un-
certainty into the theory but do not render the framework unpredictive. In particular,
the data so far give no indication that these corrections should be outside the range
specified by our error estimate. Given this situation, we follow our previous analysis
strategy as regards twist-3 and annihilation effects. The inclusion of twist-3 effects for
vector mesons then allows us to estimate the impact of some power-suppressed effects,
which turn out to be small. But we should stress that this is far from a complete account
of such contributions. We also note that some other classes of power corrections have
been analyzed using the method of light-cone QCD sum rules [27, 28].
The pseudoscalar mesons η and η′, which contain a flavor-singlet component in their
wave function, require special attention, because they can be formed from two gluons at
leading twist. The new effects associated with this possibility have been worked out in
the context of QCD factorization in [18]. For these mesons the factorization formula (2)
holds provided it is extended by an additional non-local form-factor term. At the order
we are working the corresponding complications do not appear for vector mesons, since
they do not have a two-gluon component. There is, however, one novel effect for neutral
vector mesons, namely that they can be produced via a virtual photon. Although this
effect is very small, we shall discuss it, because it is of the same order as other electroweak
contributions to the decay amplitudes.
2.2 Flavor operators
In the literature on QCD factorization the result of computing the hard-scattering kernels
for the various operators in the effective weak Hamiltonian is usually presented in terms
of “factorized operators” with coefficients ai(M1M2). (The matrix element of a factorized
operator is simply proportional to a form factor times a decay constant.) The reasons
for this are largely historical. Besides containing some redundancy, such a notation leads
to inconveniences for vector mesons since the factorized operator
∑
q(q¯b)S−P ⊗ (D¯q)S+P
vanishes, while there exist non-vanishing terms at order αs that one would naturally
associate with the corresponding coefficient a6. Here we introduce a new notation that
eliminates these inconveniences, and which at the same time is sufficiently general and
explicit to facilitate the construction of the decay amplitude for any particular decay
with either pseudoscalar or vector mesons in the final state. The main point of the
new notation is to keep track of only the flavor structure of an operator. Its Dirac
structure, which distinguishes some of the ai(M1M2) coefficients in the conventional
notation, becomes irrelevant, since operators with different Dirac structure (but identical
flavor structure) always contribute in the same combination to a particular set of final
states.
We first introduce our phase convention for the flavor wave functions. We take the
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light quark triplet as (u, d, s) and the antitriplet as (u¯, d¯, s¯). Consequently,
B− ∼ u¯b , B¯d ∼ d¯b , B¯s ∼ s¯b . (4)
Assuming isospin symmetry, the non-singlet members of the light nonet of pseudoscalar
mesons are given by
π0 ∼ 1√
2
(u¯u− d¯d), π− ∼ u¯d , π+ ∼ d¯u ,
K¯0 ∼ d¯s , K0 ∼ s¯d , K− ∼ u¯s , K+ ∼ s¯u ,
(5)
and analogous expressions hold for the corresponding vector mesons. The treatment of
mesons containing a flavor-singlet component in their wave function has been explained
in detail in the dedicated paper [18], to which we refer the reader for all details. The
meson η (and similarly η′ and the vector mesons ω and φ) can be treated as a coherent
superposition of the flavor components
ηq ∼ 1√
2
(u¯u+ d¯d) , ηs ∼ s¯s . (6)
This should not be confused with the representation of the meson state as a superposition
of flavor states, but simply means that these mesons have matrix elements of s¯s and u¯u
(or d¯d, these two being equal due to the assumed isospin symmetry) operators that are
a priori unrelated. Consequently, each meson is described by two decay constants; for
instance, for the η meson
〈η(q)|u¯γµγ5u|0〉 = − i√
2
f qη qµ, 〈η(q)|s¯γµγ5s|0〉 = −if sηqµ. (7)
Similarly, there are two transition form factors, two leading-twist quark–antiquark distri-
bution amplitudes etc., corresponding to the two distinct flavor components. In addition,
for the pseudoscalar case there exist contributions proportional to the two-gluon content
of η and η′. Finally, certain contributions to the b → Dgg amplitude are conveniently
interpreted in terms of c¯c flavor components ηc, η
′
c for η and η
′. The QCD factoriza-
tion approach presented here is sufficiently general to allow for a discussion of states
containing flavor-singlet contributions without assumption of a particular flavor-mixing
scheme. However, in our phenomenological analysis we will adopt the Feldmann–Kroll–
Stech scheme for η and η′ mixing, in which it is sufficient to introduce a single mixing
angle in the flavor basis [29]. The corresponding expressions for the hadronic matrix
elements (decay constants, form factors, etc.) needed in the calculations of the decay
amplitudes can be found in [18]. For the vector mesons ω and φ we will assume ideal
mixing, so that ω = ωq ∼ (u¯u+ d¯d)/
√
2 and φ = φs ∼ s¯s.
We match the effective weak Hamiltonian onto a transition operator such that its
matrix element is given by
〈M ′1M ′2|Heff |B¯〉 =
∑
p=u,c
λ(D)p 〈M ′1M ′2|T pA + T pB |B¯〉 . (8)
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The two terms account for the flavor topologies of the form-factor and hard-scattering
terms in (2), respectively, corresponding to the two diagrams of Figure 1. Each term in
the transition operator contains several operators labeled only by the flavor composition
of the four-quark final state. Note that below we will include in the definition of T pB also
some power-suppressed terms, such as weak annihilation contributions.
Including electroweak penguin topologies there are six different flavor structures one
can write down for the left diagram of Figure 1. We define (with D = d or s)
T pA = δpu α1(M1M2)A([q¯su][u¯D]) + δpu α2(M1M2)A([q¯sD][u¯u])
+ αp3(M1M2)
∑
q
A([q¯sD][q¯q]) + α
p
4(M1M2)
∑
q
A([q¯sq][q¯D])
+ αp3,EW(M1M2)
∑
q
3
2
eq A([q¯sD][q¯q]) + α
p
4,EW(M1M2)
∑
q
3
2
eq A([q¯sq][q¯D]) , (9)
where the sums extend over q = u, d, s, and q¯s denotes the spectator antiquark. The
operators A([q¯M1qM1 ][q¯M2qM2]) also contain an implicit sum over qs = u, d, s to cover
all possible B-meson initial states. The coefficients αpi (M1M2) contain all dynamical
information, while the arguments of A encode the flavor composition of the final state
and hence determine the final state to which a given term can contribute. We define
〈M ′1M ′2|αpi (M1M2)A([. . .][. . .])|B¯qs〉 ≡ c αpi (M ′1M ′2)AM ′1M ′2 (10)
whenever the quark flavors of the first (second) square bracket match those of M ′1 (M
′
2).
The constant c is a product of three factors of 1, ±1/√2 etc. from the flavor composition
of the B¯ meson and M1,2 as specified above. The quantity AM1M2 is given by
AM1M2 = i
GF√
2

m2BF
B→M1
0 (0)fM2 ; if M1 = M2 = P,
−2mV ǫ∗M1 · pB AB→M10 (0)fM2 ; if M1 = V, M2 = P,
−2mV ǫ∗M2 · pB FB→M1+ (0)fM2 ; if M1 = P, M2 = V.
(11)
Here F+, 0 and A0 denote pseudoscalar (P ) and vector (V ) meson form factors in the
standard convention (see, e.g., [3]). The decay constants fM2 are normalized according
to
〈π−(q)|d¯γµγ5u|0〉 = −ifpiqµ , 〈ρ−(q)|d¯γµu|0〉 = −ifρmρǫ∗µ . (12)
For a vector meson, fV ≡ f ‖V always refers to the decay constant of a longitudinally
polarized meson. We neglect corrections to the decay amplitudes quadratic in the light
meson masses, so that all form factors are evaluated at q2 = 0. (At this kinematic point,
the form factors F+ and F0 coincide.) Parameters referring to the B meson depend
on whether the decaying meson is Bs or Bu,d. This will be implicitly understood in
the following. The above expression can be simplified by replacing 2mV ǫ
∗ · pB → m2B,
since the left-hand side squared and summed over the polarizations of the vector meson
gives m4B (neglecting again quadratic meson-mass corrections). As expected by angular
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momentum conservation the final-state vector meson is longitudinally polarized. When
the replacement above is done the polarization sum for vector mesons must be omitted,
and the decay rate is simply given by
Γ =
S
16πmB
∣∣〈M ′1M ′2|Heff |B¯〉∣∣2 , (13)
where S = 1/2 if M ′1 and M
′
2 are identical, and S = 1 otherwise.
We do not discuss in this paper final states containing two vector mesons. The
extension to this case is straightforward, since the leading amplitude in the heavy-quark
limit is the one for two longitudinally polarized vector mesons, which in many ways
behave like pseudoscalar mesons.
In order to exemplify the notation consider the decay B¯d → π0ρ0, for which qs = d
and D = d. The spectator quark can go to either one of the two mesons, so M1 can be
π0 or ρ0. Hence, e.g.
〈π0ρ0|αp4(M1M2)
∑
q
A([d¯q][q¯d])|B¯d〉 = −1
2
[
αp4(π
0ρ0)Api0ρ0 + α
p
4(ρ
0π0)Aρ0pi0
]
. (14)
The order of the arguments of αp4 is relevant as will be seen from the explicit expressions
given in Section 2.4 below. The factor c = 1/2 arises from the flavor wave functions of
the mesons. On the other hand,
〈π0ρ0|αp3(M1M2)
∑
q
A([d¯d][q¯q])|B¯d〉 = 0 , (15)
since q = u, d contribute equally but with opposite sign for the mesons π0 and ρ0.
We now discuss the flavor structure of the hard-scattering term in (2), i.e., the second
diagram in Figure 1. Since all six quarks participate in the hard scattering, the generic
flavor operator in T pB is of the form B([q¯M1qM1 ][q¯M2qM2 ][q¯sb]) with possible sums over
quarks from penguin transitions or flavor-singlet conversion g → q¯q. We define the
matrix element of a B-operator as
〈M1M2|B([. . .][. . .]][. . .])|B¯q〉 ≡ cBM1M2 , with BM1M2 = ±i
GF√
2
fBqfM1fM2 , (16)
whenever the quark flavors of the three brackets match those of M1, M2, and B¯q. The
constant c is the same as in (10). The upper sign in the definition of BM1M2 applies when
both mesons are pseudoscalar, and the lower when one of the mesons is a vector meson.
This matches the sign conventions for the quantities AM1M2 in (11). The most important
case of spectator scattering is when the spectator-quark line goes from the B meson to
a final-state meson, which we then call M1. These are the hard spectator interactions,
which are the only terms of leading power in the heavy-quark limit. (We refer to all
other contributions to T pB as annihilation.) This special case implies q¯s = q¯M1 , leaving
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six different amplitudes that are in one-to-one correspondence with the six A-operators
defined above, because
B([q¯sqM1][q¯M2qM2 ][q¯sb]) =
BM1M2
AM1M2
A([q¯sqM1][q¯M2qM2 ]) . (17)
We therefore absorb the spectator scattering contributions into the definition of the
coefficients αpi (M1M2).
With parts of T pB absorbed into T pA , the transition operator T pA now contains all scat-
tering mechanisms except weak annihilation. In particular, it contains all contributions
of leading power in the heavy-quark limit. The remaining, power-suppressed annihilation
part of T pB is parameterized in its most general form as
T pB = δpu b1(M1M2)
∑
q′
B([u¯q′][q¯′u][D¯b]) + δpu b2(M1M2)
∑
q′
B([u¯q′][q¯′D][u¯b])
+ bp3(M1M2)
∑
q,q′
B([q¯q′][q¯′D][q¯b]) + bp4(M1M2)
∑
q,q′
B([q¯q′][q¯′q][D¯b])
+ bp3,EW(M1M2)
∑
q,q′
3
2
eq B([q¯q
′][q¯′D][q¯b]) + bp4,EW(M1M2)
∑
q,q′
3
2
eq B([q¯q
′][q¯′q][D¯b])
+ δpu bS1(M1M2)
∑
q′
B([u¯u][q¯′q′][D¯b]) + δpu bS2(M1M2)
∑
q′
B([u¯D][q¯′q′][u¯b])
+ bpS3(M1M2)
∑
q,q′
B([q¯D][q¯′q′][q¯b]) + bpS4(M1M2)
∑
q,q′
B([q¯q][q¯′q′][D¯b]) (18)
+ bpS3,EW(M1M2)
∑
q,q′
3
2
eq B([q¯D][q¯
′q′][q¯b]) + bpS4,EW(M1M2)
∑
q,q′
3
2
eq B([q¯q][q¯
′q′][D¯b]) ,
where the sums extend over q, q′ = u, d, s. The sum over q′ arises because a quark–
antiquark pair must be created by g → q¯′q′ after the spectator quark is annihilated. The
definitions of the first six coefficients coincide with the corresponding definitions in [10]
for ππ and πK final states. Note that the operator
∑
q,q′ B([q¯q
′][q¯′D][q¯b]) is redundant,
because it is equivalent to
∑
q A([q¯sq][q¯D]) (which includes an implicit sum over qs). We
allow this redundancy to keep the parameterization of annihilation effects separate from
the others. The six new coefficients with subscript ‘S’ contribute only to final states
containing flavor-singlet mesons or neutral vector mesons and were not needed in our
previous analysis. It will be convenient to use the notation
βpi (M1M2) ≡
BM1M2
AM1M2
bpi (M1M2) (19)
whenever AM1M2 does not vanish. However, for some pure annihilation decays such as
B¯s → π+π−, where βpi is not defined since FBs→pi0 (0) = 0, we express the decay amplitude
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in terms of the coefficients bpi . The redundancy mentioned above implies that α
p
4(M1M2)
and βp3(M1M2) always appear in the combination
αˆp4(M1M2) ≡ αp4(M1M2) + βp3(M1M2) . (20)
It is now straightforward to express the B¯q → M ′1M ′2 decay amplitude in terms of
linear combinations of the coefficients αpi and β
p
i . The results are collected in Appendix A,
where we also give a convenient master formula suitable for implementation in a computer
program, which generates the entire set of 96 decay amplitudes by evaluating a single
expression. It remains to express the flavor coefficients in terms of the hard-scattering
kernels of the QCD factorization approach.
2.3 Distribution amplitudes
We now summarize the definitions of the light-cone distribution amplitudes for light
pseudoscalar and vector mesons. The corresponding amplitudes for B mesons have
been discussed in [30, 31]. While our treatment of the leading-twist distributions is
completely general, at the level of twist-3 power corrections we work in the approximation
of neglecting the qq¯g Fock state of the meson. The motivation for this approximation is
that it retains all effects with large (chirally-enhanced) normalization factors but neglects
“ordinary” power corrections of order ΛQCD/mb. The following discussion relies on the
analysis of distribution amplitudes in coordinate space presented in [32, 33], while the
momentum-space projectors are taken from [31]. A more detailed discussion of the
pseudoscalar case can be found in [10, 34].
We recall that in general the collinear approximation for the parton momenta can be
taken only after the light-cone projection has been applied. We therefore assign momenta
kµ1 = xp
µ + kµ⊥ +
~k2⊥
2x p · p¯ p¯
µ , kµ2 = x¯p
µ − kµ⊥ +
~k2⊥
2x¯ p · p¯ p¯
µ (21)
to the quark and antiquark in a light meson with momentum p, where p¯ is a light-
like vector whose 3-components point into the opposite direction of ~p, and x¯ ≡ 1 − x.
The light-cone projection operator of a light pseudoscalar meson in momentum space,
including twist-3 two-particle contributions, then reads
MPαβ =
ifP
4
{
/p γ5ΦP (x)− µPγ5
(
Φp(x)− iσµν p
µ p¯ν
p · p¯
Φ′σ(x)
6
+ iσµν p
µ Φσ(x)
6
∂
∂k⊥ν
)}
αβ
,
(22)
where µP is defined as mb r
P
χ /2 with r
P
χ defined as in (3). The convention for the projec-
tion is that one computes tr (MPA) if u¯Av is the scattering amplitude with an on-shell
quark and antiquark. The derivative acts on the scattering amplitude A, and it is un-
derstood that, after the derivative is taken, the momenta k1 and k2 are set equal to xp
and x¯p, respectively. The overall sign of (22) corresponds to defining the projector (in
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coordinate space) through the matrix element 〈P (p)|q¯β(z)qα(0)|0〉 rather than the oppo-
site ordering of the quark fields. (For simplicity, we suppress the gauge string connecting
the two fermion fields.) The meson η (and similarly η′, ω, and φ) is described by two
quark–antiquark distribution amplitudes corresponding to the two independent flavor
components ηq and ηs in (6).
The leading-twist distribution amplitude is conventionally expanded in Gegenbauer
polynomials,
ΦP (x, µ) = 6x(1− x)
[
1 +
∞∑
n=1
αPn (µ)C
(3/2)
n (2x− 1)
]
, (23)
since the Gegenbauer moments αPn (µ) are multiplicatively renormalized. When three-
particle contributions are neglected, the twist-3 two-particle distribution amplitudes are
determined completely by the equations of motion, which then require
Φp(x) = 1 ,
Φ′σ(x)
6
= x¯− x , Φσ(x)
6
= xx¯ . (24)
It is not difficult to derive from this the simpler projector [35]
MPαβ =
ifP
4
(
/p γ5ΦP (x)− µPγ5 /k2 /k1
k2 · k1 Φp(x)
)
αβ
. (25)
The η and η′ mesons also have a two-particle two-gluon distribution amplitude at leading
twist, for which we adopt the convention given in [18].
The corresponding equations for vector mesons are very similar. In general, the light-
cone projection operator in momentum space contains two terms, MV = MV‖ + M
V
⊥ .
However, the transverse projector does not contribute to the B → PV decay amplitudes
at leading and first subleading power in ΛQCD/mb. The longitudinal projector is given
by
(
MV‖
)
αβ
= −ifV
4
{
/pΦV (x) +
mV f
⊥
V
fV
(
h′‖
(s)(x)
2
− iσµν p
µ p¯ν
p · p¯ h
(t)
‖ (x)
+ iσµν p
µ
∫ x
0
dv
[
h
(t)
‖ (v)− Φ⊥(v)
] ∂
∂k⊥ν
)}
αβ
. (26)
The polarization vector has been replaced by ǫ∗µ → pµ/mV , which is correct up to cor-
rections quadratic in the meson mass. After this replacement no polarization sum must
be taken after squaring the decay amplitude. The leading-twist distribution amplitude
ΦV (x) is expanded in Gegenbauer polynomials exactly as in (23), but with Gegenbauer
moments αVn (µ). When three-particle amplitudes are neglected, the twist-3 amplitudes
that appear in (26) can all be expressed in terms of the leading-twist amplitude Φ⊥(x)
of a transversely polarized vector meson [33]. We define
Φv(x) ≡
∫ x
0
dv
Φ⊥(v)
v¯
−
∫ 1
x
dv
Φ⊥(v)
v
= 3
∞∑
n=0
αVn,⊥(µ)Pn+1(2x− 1) , (27)
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where αV0,⊥ = 1, and Pn(x) are the Legendre polynomials. The second equation is
obtained by inserting the Gegenbauer expansion of Φ⊥(x). The equations of motion
then lead to the Wandzura–Wilczek relations [33]
h′‖
(s)(x)
2
= −Φv(x) , h(t)‖ (x) = −(x¯− x) Φv(x) ,∫ x
0
dv
[
h
(t)
‖ (v)− Φ⊥(v)
]
= −xx¯Φv(x) ,
(28)
which allow us to express the twist-3 two-particle projection in terms of the single func-
tion Φv(x). Comparing the vector meson projection in (26) with the pseudoscalar pro-
jection in (22) we see that the function Φv(x) is analogous to Φp(x). In analogy with the
pseudoscalar case we obtain the simpler projector
(
MV‖
)
αβ
= −ifV
4
(
/pΦV (x)− mV f
⊥
V
fV
/k2 /k1
k2 · k1 Φv(x)
)
αβ
, (29)
valid in the approximation where one neglects three-particle contributions. Like Φp(x),
the function Φv(x) does not vanish at the endpoints x = 0, 1. We note, however, the
vanishing of the integral ∫ 1
0
dxΦv(x) = 0 . (30)
With these remarks, we can obtain the hard-scattering kernels for vector mesons in
the final state from those for two pseudoscalars given in [10] by performing the replace-
ments ΦP (x) → ΦV (x), Φp(x) → Φv(x), fP → fV , and by interpreting rχ as in (32),
(33) below. However, one must pay attention to certain sign changes arising from the
absence of γ5 in the vector-meson projector (29) and in the matrix elements that define
vector-meson form factors. This leads to the sign alternations in the definitions of αp3,
αp4, α
p
3,EW, and α
p
4,EW in (31) below, and to sign alternations in the weak annihilation
terms to be discussed later.
2.4 Coefficients of the decay operators in QCD factorization
In the following we give the expressions for the coefficients of the decay operator up to
the next-to-leading order. First, some comments on the treatment of electromagnetic
corrections and electroweak penguin effects, and on the treatment of weak annihilation,
are in order.
Electroweak penguin effects and electromagnetic corrections
1) We neglect electromagnetic corrections to the QCD coefficients α1, α2, α
p
3, and
αp4, since these are much smaller than the next-to-leading order QCD corrections.
We also neglect corrections of order αsC7−10 to these coefficients, since the Wilson
coefficients C7−10 are proportional to the electromagnetic coupling α.
13
2) In leading order the electroweak penguin coefficients αp3,EW and α
p
4,EW involve only
the Wilson coefficients C7−10. We include the QCD corrections of order αsC7−10
to αp3,EW and α
p
4,EW.
3) We include electromagnetic corrections to αp3,EW and α
p
4,EW only when they are
proportional to the large Wilson coefficients C1,2,7γ , i.e., we include the corrections
of order αC1,2,7γ, but neglect those proportional to αC3−10.
Weak annihilation
1) We neglect weak annihilation mechanisms involving photons (γ → q¯′q′), which
in fact would introduce more operators in (18), i.e., we drop annihilation terms of
order αCi, but keep terms of order αsCi. The reason for this is that the former can
never be CKM-enhanced when one of the large Wilson coefficients C1,2 is involved.
2) We use an approximation where all singlet annihilation coefficients are set to zero
except for βS3, see below and [18].
In the following we first give the generic results for the αi and βi coefficients applicable
to all final states, and then discuss contributions specific to particular pseudoscalar or
vector mesons.
A-operators (generic results)
The coefficients of the flavor operators αpi can be expressed in terms of the coefficients
api defined in [8, 10] as follows:
1
α1(M1M2) = a1(M1M2) ,
α2(M1M2) = a2(M1M2) ,
αp3(M1M2) =
{
ap3(M1M2)− ap5(M1M2) ; if M1M2 = PP, V P ,
ap3(M1M2) + a
p
5(M1M2) ; if M1M2 = PV ,
αp4(M1M2) =
{
ap4(M1M2) + r
M2
χ a
p
6(M1M2) ; if M1M2 = PP, PV ,
ap4(M1M2)− rM2χ ap6(M1M2) ; if M1M2 = V P ,
(31)
αp3,EW(M1M2) =
{
ap9(M1M2)− ap7(M1M2) ; if M1M2 = PP, V P ,
ap9(M1M2) + a
p
7(M1M2) ; if M1M2 = PV ,
αp4,EW(M1M2) =
{
ap10(M1M2) + r
M2
χ a
p
8(M1M2) ; if M1M2 = PP, PV ,
ap10(M1M2)− rM2χ ap8(M1M2) ; if M1M2 = V P .
1The numerical values of the coefficients αi(M1M2) also depend on the nature of the initial-state B
meson. This dependence is not indicated explicitly by our notation. The same remark applies to the
annihilation coefficients bpi defined below.
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Figure 2: Leading-order contribution to the coefficients api . The weak decay
of the b quark through a four-fermion operator is represented by the black
square. The b-quark line comes in from the left. The outgoing line to the right
represents the quark inM1. The two lines directed upward represent the meson
M2. The spectator antiquark is not drawn, because it does not participate in
the hard scattering.
Note that the order of the arguments in αpi (M1M2) and a
p
i (M1M2) is relevant. For pions
and kaons, the ratios rM2χ are defined as
rpiχ(µ) =
2m2pi
mb(µ) 2mq(µ)
, rKχ (µ) =
2m2K
mb(µ) (mq +ms)(µ)
, (32)
while their generalizations to η and η′ can be found in [18]. All quark masses are running
masses defined in the MS scheme, and mq denotes the average of the up and down quark
masses. For vector mesons we have
rVχ (µ) =
2mV
mb(µ)
f⊥V (µ)
fV
, (33)
where the scale-dependent transverse decay constant is defined as
〈V (p, ε∗)|q¯σµνq′|0〉 = f⊥V (pµε∗ν − pνε∗µ) . (34)
Note that all the terms proportional to rM2χ are formally suppressed by one power of
ΛQCD/mb in the heavy-quark limit. Numerically, however, these terms are not always
small.
The general form of the coefficients api at next-to-leading order in αs is
api (M1M2) =
(
Ci +
Ci±1
Nc
)
Ni(M2)
+
Ci±1
Nc
CFαs
4π
[
Vi(M2) +
4π2
Nc
Hi(M1M2)
]
+ P pi (M2) , (35)
where the upper (lower) signs apply when i is odd (even). It is understood that the
superscript ‘p’ is to be omitted for i = 1, 2. The quantities Vi(M2) account for one-loop
vertex corrections, Hi(M1M2) for hard spectator interactions, and P
p
i (M1M2) for penguin
contractions. We now present the explicit expressions for these objects, extending the
results of [10] to the case when M1 or M2 is a vector meson.
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Figure 3: Next-to-leading order vertex contribution to the coefficients api . The
meaning of the external lines is the same as in Figure 2.
Leading order (Figure 2). The leading-order coefficient Ni(M2) is simply the normal-
ization integral of the relevant light-cone distribution amplitude ΦP,V or Φp,v. It follows
that
Ni(M2) =
{
0 ; i = 6, 8 and M2 = V ,
1 ; all other cases.
(36)
The special case for vector mesons arises because of the vanishing integral (30). This
implies the absence of scalar penguin contributions for vector mesons at tree level, since
the coefficients ap6,8 originate from (V − A) ⊗ (V + A) penguin operators in the weak
Hamiltonian, which must be Fierz-transformed into the Form (−2)(S−P )⊗ (S +P ) to
match the quark flavors in the second (S + P ) current with those of the meson M2.
Vertex terms (Figure 3). The vertex corrections are given by
Vi(M2) =

∫ 1
0
dxΦM2(x)
[
12 ln
mb
µ
− 18 + g(x)
]
; i = 1–4, 9, 10,∫ 1
0
dxΦM2(x)
[
− 12 ln mb
µ
+ 6− g(1− x)
]
; i = 5, 7,∫ 1
0
dxΦm2(x)
[
− 6 + h(x)
]
; i = 6, 8,
(37)
with
g(x) = 3
(
1− 2x
1− x ln x− iπ
)
+
[
2 Li2(x)− ln2x+ 2 lnx
1− x − (3 + 2iπ) ln x− (x↔ 1− x)
]
,
h(x) = 2 Li2(x)− ln2x− (1 + 2πi) ln x− (x↔ 1− x) .
(38)
The expression for g(x) has already been presented in [10], while the kernel h(x) is new.
The constants −18, 6, −6 are scheme dependent and correspond to using the NDR
scheme for γ5. The light-cone distribution amplitude ΦM2 is one of the leading-twist
amplitudes ΦP,V , depending on whether M2 is a pseudoscalar or vector meson, whereas
Φm2 is one of the twist-3 amplitudes Φp,v. We recall that Φp(x) = 1, so
∫
dxΦm2(x) [−6+
h(x)] = −6 for pseudoscalar mesons, which reproduces the result of [10]. On the other
hand, because of (30) the scheme-dependent constant −6 does not contribute for vector
mesons as it should be, since there is no leading-order contribution that could cause a
scheme dependence at next-to-leading order.
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Figure 4: Next-to-leading order penguin contribution to the coefficients api .
Penguin terms (Figure 4). At order αs a correction from penguin contractions is present
only for i = 4, 6. For i = 4 we obtain
P p4 (M2) =
CFαs
4πNc
{
C1
[
4
3
ln
mb
µ
+
2
3
−GM2(sp)
]
+ C3
[
8
3
ln
mb
µ
+
4
3
−GM2(0)−GM2(1)
]
+ (C4 + C6)
[
4nf
3
ln
mb
µ
− (nf − 2)GM2(0)−GM2(sc)−GM2(1)
]
− 2Ceff8g
∫ 1
0
dx
1− x ΦM2(x)
}
, (39)
where nf = 5 is the number of light quark flavors, and su = 0, sc = (mc/mb)
2 are mass
ratios involved in the evaluation of the penguin diagrams. Small electroweak corrections
from C7−10 are neglected within the approximations discussed above. The function
GM2(s) is given by
GM2(s) =
∫ 1
0
dxG(s− iǫ, 1− x) ΦM2(x) ,
G(s, x) = −4
∫ 1
0
du u(1− u) ln[s− u(1− u)x]
=
2(12s+ 5x− 3x ln s)
9x
− 4
√
4s− x (2s+ x)
3x3/2
arctan
√
x
4s− x .
(40)
The interpretation of ΦM2 is the same as in the discussion of vertex corrections. For
i = 6, the result for the penguin contribution is
P p6 (M2) =
CFαs
4πNc
{
C1
[
4
3
ln
mb
µ
+
2
3
− GˆM2(sp)
]
+ C3
[
8
3
ln
mb
µ
+
4
3
− GˆM2(0)− GˆM2(1)
]
+ (C4 + C6)
[
4nf
3
ln
mb
µ
− (nf − 2) GˆM2(0)− GˆM2(sc)− GˆM2(1)
]
− 2Ceff8g
}
(41)
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Figure 5: Hard spectator-scattering contribution to the coefficients api . The
meaning of the external lines is the same as in Figure 2, but the spectator-quark
line is now included in the drawing.
if M2 is a pseudoscalar meson, and
P p6 (M2) = −
CFαs
4πNc
{
C1 GˆM2(sp) + C3
[
GˆM2(0) + GˆM2(1)
]
+ (C4 + C6)
[
(nf − 2) GˆM2(0) + GˆM2(sc) + GˆM2(1)
]}
(42)
if M2 is a vector meson. In analogy with (40), the function GˆM2(s) is defined as
GˆM2(s) =
∫ 1
0
dxG(s− iǫ, 1− x) Φm2(x) . (43)
As mentioned above we take into account electromagnetic corrections only for αp3,EW
and αp4,EW, and only if they are proportional to the large Wilson coefficients C1,2 and
Ceff7γ . These corrections are present for i = 8, 10 and correspond to the penguin diagrams
of Figure 4 with the gluon replaced by a photon. (An additional contribution for neutral
vector mesons will be discussed separately below). For i = 10 we obtain
P p10(M2) =
α
9πNc
{
(C1 +NcC2)
[
4
3
ln
mb
µ
+
2
3
−GM2(sp)
]
− 3Ceff7γ
∫ 1
0
dx
1− x ΦM2(x)
}
.
(44)
For i = 8 we find
P p8 (M2) =
α
9πNc
{
(C1 +NcC2)
[
4
3
ln
mb
µ
+
2
3
− GˆM2(sp)
]
− 3Ceff7γ
}
(45)
if M2 is a pseudoscalar meson, and
P p8 (M2) = −
α
9πNc
(C1 +NcC2) GˆM2(sp) (46)
if M2 is a vector meson.
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Hard spectator terms (Figure 5). The correction from hard gluon exchange betweenM2
and the spectator quark is given by
Hi(M1M2) =
BM1M2
AM1M2
mB
λB
∫ 1
0
dx
∫ 1
0
dy
[
ΦM2(x)ΦM1(y)
x¯y¯
+ rM1χ
ΦM2(x)Φm1(y)
xy¯
]
(47)
for i = 1–4,9,10,
Hi(M1M2) = −BM1M2
AM1M2
mB
λB
∫ 1
0
dx
∫ 1
0
dy
[
ΦM2(x)ΦM1(y)
xy¯
+ rM1χ
ΦM2(x)Φm1(y)
x¯y¯
]
(48)
for i = 5, 7, and Hi(M1M2) = 0 for i = 6, 8. In these results λB is defined by [8]∫ 1
0
dξ
ξ
ΦB(ξ) ≡ mB
λB
(49)
with ΦB(ξ) one of the two light-cone distribution amplitudes of the B meson. We recall
that the term involving rM1χ is suppressed by a factor of ΛQCD/mb in heavy-quark power
counting. Since the twist-3 distribution amplitude Φm1(y) does not vanish at y = 1, the
power-suppressed term is divergent. We extract this divergence by defining a parameter
XM1H through ∫ 1
0
dy
y¯
Φm1(y) = Φm1(1)
∫ 1
0
dy
y¯
+
∫ 1
0
dy
y¯
[
Φm1(y)− Φm1(1)
]
≡ Φm1(1)XM1H +
∫ 1
0
dy
[y¯]+
Φm1(y) . (50)
The remaining integral is finite (it vanishes for pseudoscalar mesons since Φp(y) = 1), but
XM1H is an unknown parameter representing a soft-gluon interaction with the spectator
quark. Since the divergence that appears in an attempt to compute this soft interaction
perturbatively is regulated by a physical scale of order ΛQCD (i.e. at y¯ ∼ ΛQCD/mb),
we expect that XMH ∼ ln(mb/ΛQCD), however with a potentially complex coefficient,
since multiple soft scattering can introduce a strong-interaction phase. A consequence
of this is that power corrections to the spectator interaction, including chirally-enhanced
ones for pseudoscalar mesons, are unavoidably model dependent. As in [10], our model
consists of varying XM1H within a certain range (specified later) and to treat the resulting
variation of the coefficients αpi as an uncertainty. We also assume that X
M1
H is universal,
i.e., that it does not depend on M1 and on the index i of Hi(M1M2).
In [10] the convolution integrals relevant to B → PP decays were evaluated explicitly
up to second non-trivial order in the Gegenbauer expansion. In Appendix B we present
the corresponding results for convolution integrals involving the function Φv(x), which
appear only in B → PV decays.
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Figure 6: Additional contributions (representative diagrams shown) to the
decay amplitude whenM2 = η or η
′. Left: Charm-loop contribution to the b→
Dgg amplitude. Right: Soft spectator-scattering diagram, which contributes
to ∆αp3(M1ηq,s) in (52). The gluon to the left is soft and part of the operator
whose matrix element defines the non-local form factor FB→M1g . The gluon
that originates at the weak vertex is semi-hard.
A-operators (particular results)
In addition to the generic expressions given above, there exist additional contributions
to the decay amplitudes for final states containing an η or η′ meson (related to their
two-gluon content), and for final states containing one of the neutral vector mesons ρ0,
ω, φ (related to their coupling to the photon).
The contributions specific to η(′) mesons have been discussed in [18]. There are two
effects relevant to the A-operators. First, the leading contribution of the b → Dgg
amplitude can be interpreted in terms of a “charm decay constant” of the η(′) meson,
which is calculable in a ΛQCD/mc expansion (left side of Figure 6). To account for this
effect the term [
δpc α2(M1η
(′)
c ) + α
p
3(M1η
(′)
c )
]
A([q¯sD][c¯c]) (51)
is added to T pA in (9). Since this contribution is very small, we will only need the
leading-order expressions for the new αi coefficients, which coincide with the general
leading-order result. We will also neglect the corresponding electroweak penguin effect,
which is even smaller. Second, there exists an additional form-factor type contribution
∆αp3(M1η
(′)
q,s) to the flavor-singlet coefficient α
p
3(M1η
(′)
q,s), which is given by
∆αp3(M1η
(′)
q,s) = −
3αs(µh)
8πNc
Ceff8g (µh)
(∫ 1
0
dx
Φ
η
(′)
q,s
(x)
6xx¯
+ . . .
)
FB→M1g (0)
FB→M1(0)
, (52)
where µh =
√
mbΛh with Λh = 0.5GeV serves as a typical scale for the semi-hard
subprocess (right side of Figure 6), and the dots stand for a contribution from the
leading-twist two-gluon distribution amplitude of η or η′, which vanishes for asymptotic
distribution amplitudes. The new feature of (52) is that this contribution is proportional
to a non-local “form factor” FB→M1g (0) (rather than the usual local form factors F = F0,
A0) defined in terms of the B →M1 matrix element of a bilocal quark–antiquark–gluon
operator [18]. The ratio of the two form factors in (52) is of order unity in the heavy-
quark limit and has been estimated to be close to 1; however, there is a large uncertainty
associated with this estimate.
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Figure 7: Additional contributions (representative diagrams shown) to the
decay amplitude when M2 = ρ
0, ω, φ. Wavy lines denote a photon.
For the vector mesons ρ0, ω, φ the particular contributions are related to the electro-
magnetic penguin diagrams shown in Figure 7. These contributions are very small, but
it is interesting to discuss them from a conceptual point of view. In both diagrams the
photon propagator is canceled. The left diagram where the photon originates from the
electric dipole operator Q7γ is therefore effectively a local vertex. The other diagram in
the figure can be calculated explicitly in an expansion in ΛQCD/mQ when the quark in
the loop is heavy (with mass mQ). In the case of a charm quark this produces logarithms
of the form ln(mb/mc), which could be summed by introducing a cc¯ decay constant and
distribution amplitude for the vector mesons, similar to the treatment of the b → Dgg
amplitude for η and η′. The quark loop contains an ultraviolet divergence, which must
be subtracted in accordance with the scheme used to define the Wilson coefficients. The
scale and scheme dependence after subtraction is required to cancel the scale and scheme
dependence of the electroweak penguin coefficients C7−10. When the quark in the loop is
massless (light quarks), the loop integral is infrared and ultraviolet divergent. The ultra-
violet divergence is subtracted as before. The infrared divergence must be factorized into
the longitudinal decay constant of the vector meson. As a consequence, parameters such
as fρ0 become scale-dependent.
2 The reason for this is that the operator q¯γµq has a non-
vanishing anomalous dimension in the presence of electromagnetic interactions. With
these remarks it is straightforward to compute the additional contribution ∆αp3,EW(M1V )
to the electromagnetic penguin amplitude αp3,EW(M1V ) when V = ρ
0, ω, φ. Within our
approximation of keeping only the αC1,2,7γ corrections we find
∆αp3,EW(M1V ) =
2α
27π
{
4(C1 +NcC2)
(
1
2
− δpc ln µ
mc
− δpu ln µ
ν
)
− 9Ceff7γ
}
. (53)
Here µ refers to the renormalization scale of the Wilson coefficients Ci(µ), and ν to the
scale of the decay constant fV (ν). The ν dependence of (53) cancels the ν dependence
of the leading-order decay amplitude to order α. In our analysis we set ν = µ.
B-operators/weak annihilation (generic results)
We now turn to a discussion of power-suppressed weak annihilation effects. Except for
certain sign changes for final states with vector mesons the “non-singlet” annihilation
2Strictly speaking, we should then distinguish fρ0(ν) from fρ+ , which is scale-independent. However,
given the smallness of the effect we set the two decay constants equal at ν = µ.
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Figure 8: Weak annihilation contributions.
coefficients can be taken from [10]. We consider b-quark decay and use the convention
that M1 contains an antiquark from the weak vertex with longitudinal momentum frac-
tion y¯. For non-singlet annihilationM2 then contains a quark from the weak vertex with
momentum fraction x. The basic building blocks when both mesons are pseudoscalar
are given by (omitting the argument M1M2 for brevity)
Ai1 = παs
∫ 1
0
dxdy
{
ΦM2(x) ΦM1(y)
[
1
y(1− xy¯) +
1
x¯2y
]
+ rM1χ r
M2
χ Φm2(x) Φm1(y)
2
x¯y
}
,
Af1 = 0 ,
Ai2 = παs
∫ 1
0
dxdy
{
ΦM2(x) ΦM1(y)
[
1
x¯(1− xy¯) +
1
x¯y2
]
+ rM1χ r
M2
χ Φm2(x) Φm1(y)
2
x¯y
}
,
Af2 = 0 , (54)
Ai3 = παs
∫ 1
0
dxdy
{
rM1χ ΦM2(x) Φm1(y)
2y¯
x¯y(1− xy¯) − r
M2
χ ΦM1(y) Φm2(x)
2x
x¯y(1− xy¯)
}
,
Af3 = παs
∫ 1
0
dxdy
{
rM1χ ΦM2(x) Φm1(y)
2(1 + x¯)
x¯2y
+ rM2χ ΦM1(y) Φm2(x)
2(1 + y)
x¯y2
}
.
When M1 is a vector meson and M2 a pseudoscalar, one has to change the sign of the
second (twist-4) term in Ai1, the first (twist-2) term in A
i
2, and the second term in A
i
3
and Af3 . When M2 is a vector meson and M1 a pseudoscalar, one only has to change the
overall sign of Ai2.
In (54) the superscripts ‘i’ and ‘f ’ refer to gluon emission from the initial and final-
state quarks, respectively (see Figure 8). The subscript ‘k’ on Ai,fk refers to one of the
three possible Dirac structures Γ1 ⊗ Γ2, which arise when the four-quark operators in
the effective weak Hamiltonian are Fierz-transformed into the form (q¯1b)Γ1(q¯2q3)Γ2 , such
that the quarks in the first bracket refer to the constituents of the B¯ meson. Specifically,
we have k = 1 for (V − A) ⊗ (V − A), k = 2 for (V − A) ⊗ (V + A), and k = 3 for
(−2)(S − P ) ⊗ (S + P ). The power suppression of weak annihilation terms compared
to the leading spectator interaction via gluon exchange is evident from the fact that
annihilation terms are proportional to fB rather than fBmB/λB.
In terms of these building blocks the non-singlet annihilation coefficients are given
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by
b1 =
CF
N2c
C1A
i
1 , b
p
3 =
CF
N2c
[
C3A
i
1 + C5(A
i
3 + A
f
3) +NcC6A
f
3
]
,
b2 =
CF
N2c
C2A
i
1 , b
p
4 =
CF
N2c
[
C4A
i
1 + C6A
i
2
]
,
bp3,EW =
CF
N2c
[
C9A
i
1 + C7(A
i
3 + A
f
3) +NcC8A
f
3
]
,
bp4,EW =
CF
N2c
[
C10A
i
1 + C8A
i
2
]
,
(55)
omitting again the argument M1M2. These coefficients correspond to current–current
annihilation (b1, b2), penguin annihilation (b3, b4), and electroweak penguin annihilation
(bEW3 , b
EW
4 ), where within each pair the two coefficients correspond to different flavor
structures as defined in (18).
The weak annihilation kernels exhibit endpoint divergences, which we treat in the
same manner as the power corrections to the hard spectator scattering. The divergent
subtractions are interpreted as∫ 1
0
dy
y
→ XM1A ,
∫ 1
0
dy
ln y
y
→ −1
2
(XM1A )
2 , (56)
and similarly forM2 with y → x¯. The treatment of weak annihilation is model-dependent
in the QCD factorization approach, and the explicit results of this subsection are useful
mainly to keep track of overall factors from Wilson coefficients and color. We treat
XMA as an unknown complex number of order ln(mb/ΛQCD) and make the simplifying
assumption that this number is independent of the identity of the meson M and the
weak decay vertex. (The first assumption will be relaxed in a specific scenario, where
we allow different XA for the three cases PP , PV , and V P .) Since the treatment of
annihilation is model-dependent anyway, we further simplify our results by evaluating
the convolution integrals with asymptotic distribution amplitudes Φ(x) = Φ‖(x) = 6xx¯,
Φp(x) = 1, and Φv(x) = 3(x− x¯). We then find the simple expressions
Ai1 ≈ Ai2 ≈ 2παs
[
9
(
XA − 4 + π
2
3
)
+ rM1χ r
M2
χ X
2
A
]
,
Ai3 ≈ 6παs (rM1χ − rM2χ )
(
X2A − 2XA +
π2
3
)
,
Af3 ≈ 6παs (rM1χ + rM2χ ) (2X2A −XA) ,
(57)
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Figure 9: Examples of flavor-singlet annihilation graphs. Diagrams where
both gluons attach to the constituents of the B¯ meson belong to the B → η(′)
form factors. The fourth diagram and similar ones with one of the two gluons
attached to the constituents of the B meson do not contribute to βpS3.
and Af1 = A
f
2 = 0 when both final state mesons are pseudoscalar, whereas
Ai1 ≈ −Ai2 ≈ 6παs
[
3
(
XA − 4 + π
2
3
)
+ rM1χ r
M2
χ (X
2
A − 2XA)
]
,
Ai3 ≈ 6παs
[
−3rM1χ
(
X2A − 2XA −
π2
3
+ 4
)
+ rM2χ
(
X2A − 2XA +
π2
3
)]
,
Af3 ≈ 6παs
[
3rM1χ (2XA − 1)(2−XA)− rM2χ (2X2A −XA)
]
,
(58)
and Af1 = A
f
2 = 0 when M1 is a vector meson and M2 a pseudoscalar. For the opposite
case of a pseudoscalar M1 and a vector M2, one exchanges r
M1
χ ↔ rM2χ in the previous
equations and changes the sign of Af3 .
B-operators/weak annihilation (particular results)
The calculation of the singlet weak annihilation coefficients bSi is even more uncertain.
Some of the diagrams that can contribute to these quantities are shown in Figure 9.
Since we consider only diagrams formally proportional to αs, the second meson M2
must have a two-gluon content, hence the effect vanishes for vector mesons. We shall
also make the approximation adopted in [18], in which the small electroweak singlet
annihilation coefficients bS3,EW and bS4,EW are neglected, and in which also bS1 and bS2
are not computed and only bS3 is kept. The reason for neglecting bS1 and bS2 is not
that these terms are smaller than bS3, but that in decay amplitudes they always appear
together with the large tree coefficients α1 and α2. On the other hand, bS3 appears in
conjunction with the singlet penguin amplitude αp3. The singlet weak annihilation effect
is then confined to final states with an η or η′ meson.
With these approximations only the first three diagrams shown in the figure (and the
corresponding crossed diagrams) have to be calculated. The result is [18]
bS3(M1Pq,s) =
CF
N2c
(C5 +NcC6)
3παs
2
∫ 1
0
dy
rM1χ Φm1(y)
yy¯
∫ 1
0
dxΦPg(x)
x− x¯
x2x¯2
, (59)
where ΦPg(x) is the leading-twist two-gluon distribution amplitude of P , whose Gegen-
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bauer expansion reads
ΦPg(x) = 5B
Pg
2 (µ) x
2x¯2 (x− x¯) + . . . . (60)
The coefficient BPg2 (µ) as well as all higher Gegenbauer moments vanish for µ → ∞.
Expression (59) is endpoint-divergent as any other weak annihilation term. Introducing
XM1A as before, and truncating the Gegenbauer expansion of ΦPg(x) after the leading
term, we obtain the estimate
bS3(M1Pq,s) =
CF
N2c
(C5 +NcC6) 5παsB
Pg
2 (µh)X
M1
A , (61)
which we will use in our numerical analysis below. The process γγ∗ → η(′) can in principle
be used to constrain BPg2 (µ). In our normalization convention the analysis performed in
[36] gives BPg2 (1GeV) = 2± 3. Note, however, that the second Gegenbauer moment of
the singlet quark–antiquark amplitude is much smaller, of order −0.1.
3 Input parameters
The predictions obtained using the QCD factorization approach depend on many input
parameters. First there are Standard Model parameters such as the elements of the CKM
matrix, quark masses, and the strong coupling constant. Of those our results are most
sensitive to the strange-quark mass, which sets the scale for the ratios rχ for pseudoscalar
mesons defined in (32). (We work with a fixed ratio mq/ms, hence r
pi
χ implicitly depends
on ms.) Some branching ratios, and in particular the direct CP asymmetries, are also
very sensitive to the value of |Vub| and the weak phase γ = arg(V ∗ub). Next there are
hadronic parameters that can, in principle, be determined from experiment, such as
meson decay constants and transition form factors. In practice, information about these
quantities often comes from theoretical calculations such as light-cone QCD sum rules or
lattice calculations. The corresponding uncertainties in the form factors are substantial
and often have a large impact on our results. Finally, we need predictions for a variety of
light-cone distribution amplitudes, which we parameterize by the first two Gegenbauer
coefficients in their moment expansion. Experimental information can at best provide
indirect constraints on these parameters. Fortunately, it turns out that the sensitivity of
our predictions to the Gegenbauer coefficients is usually small. The notable exception is
the color-suppressed tree amplitude α2(M1M2), which shows a considerable dependence
on the first inverse moment of the B-meson distribution amplitude (λB) and the second
Gegenbauer moment of the light mesons through the hard-spectator interaction.
A summary of the input parameters entering our numerical analysis is given in Ta-
ble 1. Some additional parameters related to η and η′ mesons, such as their decay
constants, form factors, and the η–η′ mixing angle in the quark-flavor basis, can be
found in [18]. Not given in this reference are the values of the second Gegenbauer mo-
ments of the quark–antiquark twist-2 distribution amplitudes for the flavor components
η
(′)
q and η
(′)
s , for which we take α
η
(′)
q,s
2 = 0± 0.3.
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Table 1: Summary of theoretical input parameters. All scale-dependent quan-
tities refer to µ = 2GeV unless indicated otherwise. Parameters related to η
and η′ are given in [18].
QCD scale and running quark masses [GeV]
Λ
(5)
MS
mb(mb) mc(mb) ms(2GeV) mq/ms
0.225 4.2 1.3± 0.2 0.090± 0.020 0.0413
CKM parameters and B-meson lifetimes [ps]
|Vcb| |Vub/Vcb| γ τ(B−) τ(Bd) τ(Bs)
0.041± 0.002 0.09± 0.02 (70± 20)◦ 1.67 1.54 1.46
Pseudoscalar-meson decay constants [MeV]
fpi fK fB fBs
131 160 200± 30 230± 30
Vector-meson decay constants [MeV]
fρ fK∗ fω fφ
209± 1 218± 4 187± 3 221± 3
Transverse vector-meson decay constants [MeV]
f⊥ρ f
⊥
K∗ f
⊥
ω f
⊥
φ
150± 25 175± 25 150± 25 175± 25
Form factors for pseudoscalar mesons (at q2 = 0)
FB→pi0 F
B→K
0 F
Bs→K¯
0
0.28± 0.05 0.34± 0.05 0.31± 0.05
Form factors for vector mesons (at q2 = 0)
AB→ρ0 A
B→K∗
0 A
B→ω
0 A
Bs→K¯∗
0 A
Bs→φ
0
0.37± 0.06 0.45± 0.07 0.33± 0.05 0.29± 0.05 0.34± 0.05
Parameters of pseudoscalar-meson distribution amplitudes
αpi2 α
K¯
1 α
K¯
2 λB [MeV] λBs [MeV]
0.1± 0.3 0.2± 0.2 0.1± 0.3 350± 150 350± 150
Parameters of vector-meson distribution amplitudes
αρ2, α
ρ
2,⊥ α
K¯∗
1 , α
K¯∗
1,⊥ α
K¯∗
2 , α
K¯∗
2,⊥ α
ω
2 , α
ω
2,⊥ α
φ
2 , α
φ
2,⊥
0.1± 0.3 0.2± 0.2 0.1± 0.3 0± 0.3 0± 0.3
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A few additional comments are in order. The values for the decay constants of
pseudoscalar mesons and longitudinally polarized vector mesons can be determined with
good accuracy from experimental data on the leptonic decays π− → µν¯µ, K− → µν¯µ, the
semileptonic decay τ → ρ− ντ , and the electromagnetic decays V → e+e− with V = ρ0,
ω, or φ. We have updated the values obtained in [4] by using the most recent results
for the various decay rates. We will neglect the small uncertainties on these parameters
in our numerical analysis. The values we take for the decay constants of the B and
Bs mesons are in the ball park of many theoretical calculations using QCD sum rules
and lattice gauge theory. The values for the heavy-to-light form factors are close to the
results of light-cone QCD sum rules where available [37, 38, 39]. In other cases we base
our values on a crude estimate of SU(3) flavor symmetry breaking effects. The B → η(′)
form factors receive an unknown two-gluon contribution. We therefore parameterize the
form factor as [18]
FB→η
(′)
0 = F
B→pi
0
f q
η(′)
fpi
+ F2
√
2f q
η(′)
+ f s
η(′)√
3fpi
. (62)
(For Bs decay replace F
B→pi
0 f
q
η(′)
by FB→K0 f
s
η(′)
.) Information on F2 can in principle
be obtained from semileptonic B → η lν decay at q2 = 0. At present, however, the
parameter F2 is completely undetermined, and for lack of better knowledge we adopt
the value F2 = 0, for which F
B→η
0 = 0.23 and F
B→η′
0 = 0.19. The modes with η
′ in the
final state are rather sensitive to this choice. This introduces an additional theoretical
uncertainty not taken into account in the error ranges given below (see [18] for the
dependence of the B → K(∗)η(′) modes on the choice of F2). The values for the transverse
decay constants and Gegenbauer moments of vector mesons are rounded numbers taken
from [38], however we have inflated the small errors quoted there.3
The quark masses are running masses in the MS scheme. Note that the value of
the charm-quark mass is given at µ = mb. The ratio sc = (mc/mb)
2 needed for the
calculation of the penguin contributions is scale independent. The values of the light
quark masses are such that rKχ = r
pi
χ. Finally, the value of the QCD scale parameter
corresponds to αs(MZ) = 0.118 for the two-loop running coupling in the MS scheme.
The corresponding results for the Wilson coefficients Ci are tabulated in [10].
As discussed in detail in [10], there are large theoretical uncertainties related to
the modeling of power corrections corresponding to weak annihilation effects and the
chirally-enhanced power corrections to hard spectator scattering. As in our earlier work
we parameterize these effects in terms of the divergent integrals XH (hard spectator
scattering) and XA (weak annihilation) introduced in (50) and (56). We model these
quantities by using the parameterization
XA =
(
1 + ̺A e
iϕA
)
ln
mB
Λh
; ̺A ≤ 1 , Λh = 0.5GeV , (63)
3To facilitate the comparison with the results of [10, 18], where they overlap, we note the following
changes of input parameters relative to those papers: ms was (110±25)MeV in [10] and (100±25)MeV
in [18]; |Vub/Vcb| was 0.085±0.017, fB was (180±40)MeV, and FB→K0 was 0.9fK/fpiFB→pi0 in [10]; αK¯1
was 0.3± 0.3, τ(B−) was 1.65ps, and τ(Bd) was 1.56 ps in [10, 18].
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and similarly for XH . Here ϕA is an arbitrary strong-interaction phase, which may be
caused by soft rescattering. In other words, we assign a 100% uncertainty to the “default
value” XA = ln(mM/Λh) ≈ 2.4. Unless otherwise stated we assume that XA and XH are
universal for all decay processes. Finally, in the evaluation of the hard-scattering and
annihilation terms we evaluate the running coupling constant and the Wilson coefficients
at an intermediate scale µh ∼ (ΛQCDmb)1/2 rather than µ ∼ mb. Specifically, we use
µh =
√
Λh µ.
4 Analysis strategy for B− and B¯0 decays
We are now in a position to discuss the phenomenological implications of our results, and
to compare them to the experimental data compiled in Appendix C. Unless otherwise
stated, all results for branching fractions and decay rates refer to an average over CP-
conjugate modes, i.e., a result for Br(B¯ → f¯) actually refers to
1
2
[
Br(B¯ → f¯) + Br(B → f)] . (64)
Our convention for the direct CP asymmetry follows the standard “B¯ minus B” conven-
tion
ACP(f¯ ) ≡ Br(B¯
0 → f¯)− Br(B0 → f)
Br(B¯0 → f¯) + Br(B0 → f) , (65)
which is opposite to the sign convention employed in our previous paper [10].
4.1 Outline
In the following sections we will compare the data with our theoretical results. Besides
presenting our default values for the branching fractions and CP asymmetries, along with
a detailed estimation of the various sources of theoretical uncertainty, we will consider a
series of scenarios of specific parameter sets which elucidate correlations between different
quantities and their sensitivity to hadronic parameters. Sections 5 to 7 deal with decays
of B− and B¯0 mesons (and their CP conjugates), while Bs decays are treated in Section 8.
The decay modes are categorized according to which flavor topology (tree, penguin,
or annihilation) gives the dominant contribution to the amplitude. The ∆S = 1 decay
modes are always penguin dominated and are discussed first, in Section 5. They typically
have “large” branching ratios of order few times 10−6 to few times 10−5. The theoretical
predictions for these modes often suffer from large uncertainties due to the strange-quark
mass and due to power corrections contributing to the weak annihilation coefficient βc3,
which is part of the dominant amplitude αˆc4 = α
c
4+β
c
3. These two sources of uncertainty
are almost fully correlated between the various decay channels, since they always con-
tribute to the penguin coefficients αˆp4. We illustrate methods that allow one to extract
from data the magnitudes and strong phases of the dominant penguin contributions in
the three topologies for which M1M2 = PP , PV , and V P . Once the measurements
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become more precise, it will be possible to reduce significantly the corresponding corre-
lated theoretical uncertainties. For the time being we consider different scenarios for the
unknown annihilation contributions as representatives for modifications of the penguin
amplitude αˆc4 away from our default parameter choices. There are also some ∆D = 1
decays which are penguin or annihilation dominated. In the last part of Section 5 we
show how they can be used to derive constraints on annihilation parameters.
Most of the ∆D = 1 decay modes are dominated by tree amplitudes, which do not
suffer from a large sensitivity to light quark masses or chirally-enhanced power correc-
tions. These decays are studied in Section 6. In many cases the dominant theoretical
uncertainty arises from the variation of CKM parameters or form factors and decay con-
stants. The latter source of uncertainty can be reduced once better data on semileptonic
or leptonic B decays become available. The sensitivity to CKM parameters is not a
theoretical limitation but rather provides access to |Vub| and γ, which is important for
CKM fits.
We omit from our discussion in Sections 5 and 6 the decays with an η or η′ meson
in the final state. As discussed in [18] these modes are characterized by a complicated
interplay of many different flavor topologies and suffer from additional large theoretical
uncertainties due to η–η′ mixing, the two-gluon component in the η(′) wave functions,
and an annihilation contribution to the B → η(′) semileptonic form factors. We will,
however, consider modes with an ω or φ meson in the final states, taking the flavor wave
functions ω = ωq ∼ (u¯u + d¯d)/
√
2 and φ = φs ∼ s¯s corresponding to ideal mixing, and
neglecting singlet annihilation contributions (which for vector mesons vanish within our
approximations). The large number of final states with η or η′ mesons is then analyzed
briefly in Section 7. The decays with additional pseudoscalar or vector kaons have already
been discussed in [18]. Here we give the results for the complete set, concentrating on
B− → π−η(′) and B− → ρ−η(′) decay, which have sizable branching fractions.
4.2 Simplified expressions for the decay amplitudes
Appendix A contains the exact expressions for all 96 decay amplitudes in terms of the
flavor parameters αi and βi. While these results (along with the expressions for the
flavor operators collected in Section 2.4) are used in our numerical evaluations, for a
phenomenological analysis is will be very useful to have simpler, approximate expressions
at hand, which capture the dominant contributions to the amplitudes. These can be
obtained by making the following approximations:
• ∆S = 1 Decays: We neglect annihilation contributions proportional to λ(s)u , since
they are strongly CKM suppressed with respect to the corresponding terms pro-
portional to λ
(s)
c . This amounts to setting β1, β2, β
u
3 , and β
u
4 to zero in Ap-
pendix A. Of the electroweak penguin contributions we only keep αc3,EW, since all
other electroweak penguin terms are strongly suppressed. We neglect in particular
all electroweak annihilation contributions.
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• ∆D = 1 Decays: We neglect all electroweak contributions, since they are never
CKM enhanced and formally of order α, hence most likely smaller than unknown
QCD corrections of order α2s.
Within these approximations the various contributions to the decay amplitudes can be
classified as tree topologies (α1 and α2), penguin topologies (α
p
3 and α
p
4), an electroweak
penguin topology (αc3,EW), and annihilation topologies (βi). The penguin annihilation
contribution βp3 is always combined with the penguin contribution α
p
4 into the combi-
nation αˆp4 = α
p
4 + β
p
3 . The electroweak penguin contribution is kept only for ∆S = 1
decays.
4.3 The B− → pi−pi0 tree amplitude
Before discussing the various penguin and tree-dominated B-meson decay modes it is
instructive to consider the process B− → π−π0, which among the charmless modes
discussed here is the single pure tree decay (within the approximations mentioned above).
For the corresponding CP-averaged branching ratio we obtain
106 Br(B− → π−π0) = (6.1+1.1−0.7)×
[ |Vub|
0.0037
FB→pi0 (0)
0.28
]2
, (66)
where the largest sources of uncertainty come from the parameter λB of the B-meson
distribution amplitude, the second Gegenbauer moment of the pion distribution ampli-
tude, and the quantity XH . This value can be compared with the experimental result
Br(B− → π−π0) = (5.3 ± 0.8) · 10−6. The good agreement of the central values indi-
cates that the magnitude of the tree amplitude is obtained naturally with the default
set of parameters. However, given the substantial uncertainty in the overall normal-
ization due to |Vub| and FB→pi0 (0), a similarly good agreement could also result if the
amplitude coefficients α1,2(ππ) were to take values rather different from our expecta-
tions |α1(ππ)| = 0.99+0.04−0.07 and |α2(ππ)| = 0.20+0.17−0.11.
The comparison could be made independent of the values of |Vub| and FB→pi0 (0) if
the semileptonic B → π l ν rate were measured near q2 = 0. One could then perform a
direct measurement of the tree coefficients via the ratio [40, 41]
Γ(B− → π−π0)
dΓ(B¯0 → π+l−ν¯)/dq2∣∣
q2=0
= 3π2f 2pi |Vud|2 |α1(ππ) + α2(ππ)|2 . (67)
In QCD factorization we find |α1(ππ) + α2(ππ)| = 1.17+0.11−0.07, which yields the value
(0.66+0.13−0.08)GeV
2 for the above ratio.
The CLEO collaboration [42] has measured the semileptonic decay spectrum in three
q2 bins. Using their result for the lowest bin,∫ 8GeV2
0
dq2
dBr
dq2
(B¯0 → π+l−ν¯) = (4.31± 1.06) · 10−5 , (68)
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and making the assumption (fulfilled in all form-factor models) FB→pi+ (q
2) > FB→pi+ (0)
for q2 < 8GeV2, we obtain the upper bound
|Vub|FB→pi+ (0) <
√
6.05 · 10−5
(
τ(Bd)
G2F
24π3
∫ 8GeV2
0
dq2 |~ppi|3
)−1/2
= 1.22 · 10−3 (69)
at 90% confidence level, which is already close to our default input value (1.03± 0.30) ·
10−3. (The central experimental value would give the upper bound 1.03 · 10−3.) With
Br(B− → π−π0) > 4.0 · 10−6 at 90%CL we find
|α1(ππ) + α2(ππ)| > 0.87 (90%CL) , (70)
or > 1.10 for central values. Although the bound at 90%CL is not yet in an interesting
range, the limit obtained using central values shows the potential of the ratio (67) for
constraining α1,2(ππ) directly. This underlines the importance of the semileptonic decay
spectrum for understanding the pattern of non-leptonic ππ final states.
Significantly stronger limits can already be obtained if one assumes a model for the
q2 dependence of the form factor, which may be guided by QCD sum-rule calculations
or lattice data at large q2. A fit of such form factor models to the CLEO decay spectrum
and lattice data has recently been performed [43], resulting in
|Vub|FB→pi+ (0) = (0.83± 0.16) · 10−3 (71)
and a small form factor FB→pi+ (0) = 0.23 ± 0.04. This would require a sizable value of
|α1(ππ) + α2(ππ)| to account for the B− → π−π0 branching fraction.
A scenario where α2(ππ) is large may be of interest, since the current experimental
value of the ratio
Br(B¯0 → π−π+)
Br(B− → π−π0) = 0.86± 0.15 (72)
is not in good agreement with the QCD factorization result 1.47+0.37−0.43 (with γ = 70
◦ and
|Vub/Vcb| = 0.09 fixed). This is often taken as an indication for destructive interference
of tree and penguin contributions to B¯0 → π−π+, implying a large value of γ or a large
strong phase, in contradiction with factorization. However, another possibility could be
that B¯0 → π−π0 is enhanced relative to B¯0 → π−π+ because the color-suppressed tree
amplitude α2(ππ) is large, of order 0.4 − 0.5. To keep the B¯0 → π−π0 branching ratio
in agreement with its experimental value we must then assume that the B → π form
factor FB→pi0 (0) is about 0.25, on the lower edge of the range of model predictions, but
in agreement with the trend indicated by the semileptonic decay spectrum. Below, when
we define a set of parameter scenarios different from the default parameters to exhibit
correlations among the decay modes, we shall therefore consider this “large-α2” scenario
as one of our options.
This scenario is not as contrived as it may seem, since it can be realized by simply
taking the the second Gegenbauer moment of the pion to be αpi2 = 0.4 and λB = 200MeV,
both at the boundary of our parameter region. Indeed, there is no rigorous information
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available on the parameter λB of the B-meson distribution amplitude, and although the
light-cone distribution amplitude of the pion is now believed to be close to the asymptotic
form already at small scales (disfavoring a large Gegenbauer moment αpi2 ), the calculations
of the low-energy hadronic processes from which this information is extracted may have
significant theoretical uncertainties. Furthermore, the heavy-to-light form factors at
q2 = 0 are usually taken from QCD sum-rule calculations, but it now appears that these
form factors exhibit a substantially more complex dynamics than B → D form factors
or pion transition form factors. It remains to be investigated whether the dynamics of
these transitions at large momentum transfer is adequately represented in the sum-rule
framework.
5 Penguin-dominated decays
All B− and B¯0 two-body decays with kaons in the final state are dominated by penguin
amplitudes. The modes with a single kaon are based on ∆S = 1 transitions and have
“large” branching ratios of order few times 10−6 to few times 10−5. Modes with two
kaons proceed through ∆D = 1 transitions and therefore are expected to have smaller
branching fractions. In this section we focus on decays without η or η′ mesons in the
final state. These modes will be studied in Section 7.
A successful prediction for the branching ratios and CP asymmetries in rare B decays
requires theoretical control over the magnitudes and relative strong-interaction phases
of tree topologies, penguin topologies, electroweak penguin topologies, and annihilation
topologies. The fact that generically a given decay amplitudes receives several interfering
contributions complicates the interpretation of the experimental data in terms of flavor
topologies. We expect that our predictions for annihilation effects (as modeled by the
complex parameters ̺A and ϕA) and for the strong phases of the various contributions
are afflicted by the largest theoretical uncertainties. The former effects are incalculable
within QCD factorization and so can only be estimated using a simple model. Strong
phases are predicted to vanish in the heavy-quark limit. The leading contributions to
these phases are then of order αs and calculable, or of order Λ/mb and incalculable.
Since in practice the two expansion parameters αs and Λ/mb are not very different, we
expect that our perturbative analysis at one-loop order can only give a rough estimate of
the values of strong phases. While we do trust the generic prediction that these phases
are small, we expect significant deviations from the values obtained at order αs from
higher-order perturbative and power corrections. This expectation is indeed supported
by an analysis of hadronic B decays using the renormalon calculus [44].
Given these limitations, it is instructive to test the reliability of our predictions for the
tree, penguin, and annihilation topologies in decays without interference of the different
topologies. This will probe the magnitude of these topologies but not their strong-
interaction phases. Note that the penguin and annihilation terms cannot be completely
separated phenomenologically, since αp4 and β
p
3 always enter in the combination αˆ
p
4 =
αp4 + β
p
3 . However, some other annihilation contributions can be probed directly.
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A discussion of the tree contribution to the decay B− → π−π0 has already been
given in Section 4.3. In the following we present a detailed study of penguin and anni-
hilation terms, using penguin-dominated decay processes based on ∆S = 1 and ∆D = 1
transitions. For each class of decays we give explicit expressions for the decay am-
plitudes in terms of flavor parameters, adopting the approximations described earlier.
We then present numerical predictions for the CP-averaged branching fractions and CP
asymmetries and compare them with the world-average experimental data compiled in
Appendix C. These results are always obtained using the exact representations of the
decay amplitudes in terms of flavor parameters as given in Appendix A.
In the tables we first present our “default results” (column labeled “Theory”) along
with detailed error estimates corresponding to the different types of theoretical uncer-
tainties detailed in Section 3. The first error shown corresponds to the variation of the
CKM parameters |Vcb|, |Vub|, and γ (“CKM”), the second error refers to the variation of
the renormalization scale, quark masses, decay constants (except for transverse ones),
form factors, and (in later sections) the η–η′ mixing angle (“hadronic 1”). The third er-
ror corresponds to the uncertainty due to the Gegenbauer moments in the expansion of
the light-cone distribution amplitudes, and also includes the scale-dependent transverse
decay constants for vector mesons (“hadronic 2”). Finally, the last error reflects our
estimate of power corrections parameterized by the quantities XA and XH (“power”),
for which we adopt the form (63) with ̺A,H ≤ 1 and arbitrary strong phases ϕA,H.
In order to illustrate correlations between errors we explore four parameter scenarios
in which certain parameters are changed within their error ranges while all others take
their default values. Specifically, these scenarios are defined as follows:
• Scenario S1 (“large γ”):
To study the dependence of the various observables on the CP-violating phase γ
we use the default parameter values but set γ = 110◦ instead of 70◦.
• Scenario S2 (“large α2”):
As discussed in Section 4.3, the experimental branching ratios for B¯ → ππ modes
can be reproduced in QCD factorization either by using a large value of γ > 90◦,
or by enhancing the ratio α2(ππ)/α1(ππ) with respect to its default value of about
0.2. This can be done using the form factors FB→pi0 (0) = 0.25 and F
B→K
0 (0) = 0.31,
the Standard Model parameters |Vub/Vcb| = 0.08 and ms = 70MeV, as well as the
Gegenbauer moments λB = 200MeV and α
pi
2 = 0.4, all of which are within the
error ranges specified earlier.
• Scenario S3 (“universal annihilation”):
The dominant penguin coefficient αˆp4, which includes the annihilation contribution
βp3 , is rather sensitive to the parameter XA. While B decays into two pseudoscalar
mesons are well described by a small annihilation contribution, certain B → PV
decay amplitudes favor a penguin coefficient that is larger than its default value.
Here we adopt the simplest model in which a moderate enhancement of αˆp4 is
attributed to weak annihilation. Specifically, we treat XA as a universal parameter
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obtained by using ̺A = 1 and a strong phase ϕA = −45◦. The sign of this phase
is not predicted, but is chosen such that the sign of the direct CP asymmetry
ACP(π
+K−) agrees with the data.
• Scenario S4 (“combined”):
Here we consider a combination of S2 and S3, but with the more moderate pa-
rameter values ms = 80MeV and α
pi
2 = 0.3, as well as non-universal annihilation
phases ϕA = −55◦ (PP ), ϕA = −20◦ (PV ), and ϕA = −70◦ (V P ). The signs
of these phases are not predicted. As a result, our predictions for the signs of
CP asymmetries in this scenario must be taken with caution. While each of the
previous scenarios fails to describe well some classes of decay modes, scenario S4 is
an attempt to combine certain parameter choices (all within our theoretical error
ranges) in such as way as to obtain a good description of all currently available
experimental data. In view of this, this is our currently favored scenario.
In Section 5.4 we will also study a modification of scenario S3 in which we use the large
value ̺A = 2 with a universal phase ϕA = −60◦.
5.1 Penguin-dominated ∆S = 1 decays
We start by presenting in Tables 2 and 3 our results for the CP-averaged branching
fractions and direct CP asymmetries for the decays B¯ → πK¯, B¯ → πK¯∗, B¯ → K¯ρ, as
well as for the modes B¯ → K¯ω and B¯ → K¯φ. The B¯ → πK¯ modes have the largest
branching fractions, of order (1–2)·10−5. The data show that the corresponding rates for
the PV modes B¯ → πK¯∗ and B¯ → K¯ρ are smaller by about a factor of two, indicating
a sizable suppression of the penguin amplitudes in the cases with a final-state vector
meson. QCD factorization predicts small direct CP asymmetries for most decay modes,
however with a few exceptions. All predictions for CP asymmetries agree with the data
within errors.
Adopting the approximations described in the previous section, the B¯ → πK¯ decay
amplitudes are given by
AB−→pi−K¯0 = ApiK¯ αˆp4 ,
√
2AB−→pi0K− = ApiK¯
[
δpu α1 + αˆ
p
4
]
+ AK¯pi
[
δpu α2 + δpc
3
2
αc3,EW
]
,
AB¯0→pi+K− = ApiK¯
[
δpu α1 + αˆ
p
4
]
,
√
2AB¯0→pi0K¯0 = ApiK¯
[
− αˆp4
]
+ AK¯pi
[
δpu α2 + δpc
3
2
αc3,EW
]
,
(73)
where it is understood that each term must be multiplied with λ
(s)
p and summed over
p = u, c. The order of the arguments of the coefficients αpi (M1M2) and β
p
i (M1M2) is
determined by the order of the arguments of the AM1M2 prefactors. The expressions for
34
Table 2: CP-averaged branching ratios (in units of 10−6) of penguin-dominated
B¯ → PP decays (top) and B¯ → PV decays (bottom) with ∆S = 1. The
theoretical errors shown in the first column correspond (in this order) to the
uncertainties referred to as “CKM”, “hadronic 1”, “hadronic 2”, and “power”
in the text. The numbers shown in the remaining columns correspond to
different scenarios of hadronic parameters explained in the text.
Mode Theory S1 S2 S3 S4 Experiment
B− → π−K¯0 19.3+1.9+11.3+1.9+13.2−1.9− 7.8−2.1− 5.6 18.8 20.7 24.8 20.3 20.6± 1.3
B− → π0K− 11.1+1.8+5.8+0.9+6.9−1.7−4.0−1.0−3.0 14.0 11.9 14.0 11.7 12.8± 1.1
B¯0 → π+K− 16.3+2.6+9.6+1.4+11.4−2.3−6.5−1.4− 4.8 20.3 18.8 21.0 18.4 18.2± 0.8
B¯0 → π0K¯0 7.0+0.7+4.7+0.7+5.4−0.7−3.2−0.7−2.3 6.5 8.3 9.3 8.0 11.2± 1.4
B− → π−K¯∗0 3.6+0.4+1.5+1.2+7.7−0.3−1.4−1.2−2.3 3.4 2.2 7.3 8.4 13.0± 3.0
B− → π0K∗− 3.3+1.1+1.0+0.6+4.4−1.0−0.9−0.6−1.4 5.5 2.6 5.4 6.5 < 31
B¯0 → π+K∗− 3.3+1.4+1.3+0.8+6.2−1.2−1.2−0.8−1.6 5.9 2.4 6.6 8.1 15.3± 3.8
B¯0 → π0K¯∗0 0.7+0.1+0.5+0.3+2.6−0.1−0.4−0.3−0.5 0.6 0.4 2.1 2.5 < 3.6
B− → K¯0ρ− 5.8+0.6+7.0+1.5+10.3−0.6−3.3−1.3− 3.2 5.6 13.6 10.8 9.7 < 48
B− → K−ρ0 2.6+0.9+3.1+0.8+4.3−0.9−1.4−0.6−1.2 1.3 6.0 4.7 4.3 < 6.2
B¯0 → K−ρ+ 7.4+1.8+7.1+1.2+10.7−1.9−3.6−1.1− 3.5 4.3 13.9 12.5 10.1 8.9± 2.2
B¯0 → K¯0ρ0 4.6+0.5+4.0+0.7+6.1−0.5−2.1−0.7−2.1 5.0 8.4 7.5 6.2 < 12
B− → K−ω 3.5+1.0+3.3+1.4+4.7−1.0−1.6−0.9−1.6 1.9 7.9 5.8 5.9 5.3± 0.8
B¯0 → K¯0ω 2.3+0.3+2.8+1.3+4.3−0.3−1.3−0.8−1.3 1.9 6.6 4.5 4.9 5.1± 1.1
B− → K−φ 4.5+0.5+1.8+1.9+11.8−0.4−1.7−2.1− 3.3 4.4 2.5 10.1 11.6 9.2± 1.0
B¯0 → K¯0φ 4.1+0.4+1.7+1.8+10.6−0.4−1.6−1.9− 3.0 4.0 2.3 9.1 10.5 7.7± 1.1
the B¯ → πK¯∗ and B¯ → K¯ρ amplitudes are obtained by replacing (π, K¯)→ (π, K¯∗) and
(ρ, K¯), respectively. The remaining amplitudes take the form
√
2AB−→K−ω = AK¯ω
[
δpu α2 + 2α
p
3 + δpc
1
2
αc3,EW
]
+ AωK¯
[
δpu α1 + αˆ
p
4
]
,
√
2AB¯0→K¯0ω = AK¯ω
[
δpu α2 + 2α
p
3 + δpc
1
2
αc3,EW
]
+ AωK¯ αˆ
p
4 ,
AB−→K−φ = AK¯φ
[
αp3 + αˆ
p
4 − δpc 12αc3,EW
]
,
AB¯0→K¯0φ = AK¯φ
[
αp3 + αˆ
p
4 − δpc 12αc3,EW
]
.
(74)
An important feature of all these modes is that, within our approximations, annihilation
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Table 3: Direct CP asymmetries (in units of 10−2) of penguin-dominated B¯ →
PP decays (top) and B¯ → PV decays (bottom) with ∆S = 1. See text for
explanations.
Mode Theory S1 S2 S3 S4 Experiment
B− → π−K¯0 0.9+0.2+0.3+0.1+0.6−0.3−0.3−0.1−0.5 0.9 0.8 0.4 0.3 −2± 9
B− → π0K− 7.1+1.7+2.0+0.8+9.0−1.8−2.0−0.6−9.7 5.7 6.3 −1.3 −3.6 1± 12
B¯0 → π+K− 4.5+1.1+2.2+0.5+8.7−1.1−2.5−0.6−9.5 3.6 3.0 −3.6 −4.1 −9± 4
B¯0 → π0K¯0 −3.3+1.0+1.3+0.5+3.4−0.8−1.6−1.0−3.3 −3.5 −3.6 −1.2 0.8 3± 37
B− → π−K¯∗0 1.6+0.4+0.6+0.5+2.5−0.5−0.5−0.4−1.0 1.7 1.6 0.8 0.8 —
B− → π0K∗− 8.7+2.1+5.0+2.9+41.7−2.6−4.3−3.4−44.2 5.2 8.7 −20.4 −6.5 —
B¯0 → π+K∗− 2.1+0.6+8.2+5.1+62.5−0.7−7.9−5.8−64.2 1.2 1.7 −33.8 −12.1 26± 35
B¯0 → π0K¯∗0 −12.8+4.0+4.7+2.7+31.7−3.2−7.0−4.0−35.3 −15.5 −17.7 1.5 1.0 —
B− → K¯0ρ− 0.3+0.1+0.3+0.2+1.6−0.1−0.4−0.1−1.3 0.3 0.4 0.4 0.8 —
B− → K−ρ0 −13.6+4.5+6.9+3.7+62.7−5.7−4.4−3.1−55.4 −27.3 −9.3 26.6 31.7 —
B¯0 → K−ρ+ −3.8+1.3+4.4+1.9+34.5−1.4−2.7−1.6−32.7 −6.6 −2.6 18.3 20.0 26± 15
B¯0 → K¯0ρ0 7.5+1.7+2.3+0.7+8.8−2.1−2.0−0.4−8.7 6.9 5.5 1.4 −2.8 —
B− → K−ω −7.8+2.6+5.9+2.4+39.8−3.0−3.6−1.9−38.0 −14.5 −5.5 18.4 19.3 0± 12
B¯0 → K¯0ω −8.1+2.5+3.0+1.7+11.8−2.0−3.3−1.4−12.9 −9.6 −4.3 0.0 3.7 —
B− → K−φ 1.6+0.4+0.6+0.5+3.0−0.5−0.5−0.3−1.2 1.6 1.7 0.6 0.7 3± 7
B¯0 → K¯0φ 1.7+0.4+0.6+0.5+1.4−0.5−0.5−0.3−0.8 1.7 1.9 0.9 0.8 19± 68
effects enter the decay amplitudes only through the effective penguin coefficients αˆc4 =
αc4 + β
c
3. As a result, these effects can be readily constrained using data. This explains
why the B¯ → πK¯ decay modes have been employed frequently (by many authors and
using various analysis strategies) as a way of constraining the phase γ.
Consider first our default results labeled “Theory”. While the experimental results
for the B¯ → πK¯ modes are well reproduced within errors, it appears that in the case
of the modes B¯ → πK¯∗ and B¯ → K¯φ the central values for the branching fractions
obtained from QCD factorization are consistently lower than the data by a factor 2 to
3. No significant discrepancy (at the present level of precision) is seen in the modes
B¯ → K¯ρ and B¯ → K¯ω, in which the dominant penguin coefficient is αˆc4(V P ) instead
of αˆc4(PV ) (we may call these modes B → V P ). We will come back to this observation
below.
In all cases the theoretical predictions suffer from large uncertainties due to the
strange-quark mass (largest contribution to the second error), and due to power correc-
tions contributing to the weak annihilation coefficient βc3, which is part of the dominant
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penguin amplitude αˆc4 (largest contribution to the last error). We stress, however, that
these two sources of uncertainty are almost fully correlated between the various decay
channels, since they always contribute to the penguin coefficients αˆp4. Below we will dis-
cuss how these coefficients can be directly determined from the data. Once the measure-
ments become more precise it will be possible to reduce significantly the corresponding
correlated theoretical uncertainties.
As a final comment, let us add that for some observables in the decays under con-
sideration here (especially B¯ → K¯φ and B¯ → πK¯) the present experimental values are
inconsistent with Standard Model predictions at the level of 2 to 3 standard deviations.
We will discuss these discrepancies at length later. While we will not pursue New Physics
explanations of these discrepancies in the present work, the reader should bear in mind
that, unless these discrepancies disappear with more precise data, one might expect large
deviations also in other observables in these decays, such as their CP-averaged branching
fractions. Therefore, deviations of our predictions from experiment do not necessarily
imply a failure of the QCD factorization approach.
5.1.1 Magnitudes and phases of penguin coefficients
The decay amplitudes for the three sets of decays B¯ → πK¯, B¯ → πK¯∗, and B¯ → ρK¯
shown in (73) are particularly simple. In the B → PP modes various ratios of CP-
averaged decay rates have been used to derive information about the weak phase γ as
well as the strong phase of the ratio αˆc4/α1 [10, 45, 46, 47, 48, 49].
The amplitudes for the decays B− → π−K¯0, B− → ρ−K¯0, and B− → π−K¯∗0 are
determined in terms of the coefficients αˆp4. QCD factorization predicts that αˆ
c
4 ≈ αˆu4 to a
good approximation. Given that |λ(s)u /λ(s)c | ≈ 0.02, it then follows that the contribution
with p = u can be neglected at the present level of accuracy of the experimental data.
(This assertion would be invalidated if a significant direct CP asymmetry was found
in any of these modes.) It follows that Γ(B¯− → π−K¯0) ∝ |αˆc4(πK)|2 and ACP(B¯− →
π−K¯0) ≈ 0 to a very good approximation, and similar relations hold for the other two
decays. These decays therefore provide a direct test of the coefficient αˆc4, which contains
the penguin annihilation parameter βc3. These penguin annihilation contributions, as
well as potential other non-perturbative contributions to the penguin coefficient αˆc4, are
sometimes referred to as “charming penguins” [50].
Uncertainties related to heavy-to-light form factors can be eliminated by normalizing
the pure-penguin rates to the pure-tree rate for the decay B− → π−π0 discussed in
Section 4.3. Specifically, the magnitude of the penguin coefficient αˆc4(πK¯) in the decays
B → πK can be probed by considering the ratio∣∣∣∣ αˆc4(πK¯)α1(ππ) + α2(ππ)
∣∣∣∣ = ∣∣∣∣VubVcb
∣∣∣∣ fpifK
[
Γ(B− → π−K¯0)
2Γ(B− → π−π0)
]1/2
= 0.103± 0.008± 0.023 , (75)
where the numerical value uses the experimental measurements of the decay rates. The
first error is experimental while the second reflects the uncertainty in |Vub|. This ratio,
which is inversely proportional to the quantity called εexp in [10], provides a crucial
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Figure 10: Complex ratios αˆc4(M1M2)/(α1+α2)(ππ) for the casesM1M2 = πK¯
(PP ) and πK¯∗ (PV ) (horizontal axis = real part, vertical axis = imaginary
part). The rings show the experimental values of the magnitudes of the two
ratios with (light) and without (dark) including the uncertainty from |Vub/Vcb|.
The three contour lines in each plot correspond to ̺A = 1 (solid), 2 (dashed),
and 3 (dashed-dotted). The triangular-shaped area in the first plot shows the
constraint on the strong phase derived from the direct CP asymmetry in B− →
π−K¯0 decays. The various symbols indicate theoretical points corresponding
to different parameter scenarios: the dots on the solid contours correspond
to S3, the squares correspond to S4, and the circles on the dashed contours
correspond to the “large annihilation scenario” with ̺A = 2 and ϕA = −60◦.
test of the QCD factorization approach, since it directly probes the magnitude of the
dominant penguin-to-tree ratio in B → PP decays. With default parameters, QCD
factorization predicts the values |α1(ππ) + α2(ππ)| = 1.17 and |αc4(πK¯) + βc3(πK¯)| =
|(−0.099 − 0.013i) − 0.009| = 0.108, yielding 0.093 for the ratio of coefficients on the
left-hand side, which is in excellent agreement with the data. Note that without the
weak annihilation contribution from βc3 we would obtain 0.085 for this ratio, which is
still in good agreement with the data. For comparison, this ratio equals 0.061 in naive
factorization. It follows that the dominant penguin amplitude in B → PP decays is
correctly predicted in QCD factorization without any adjustment of parameters, and
that the (incalculable) penguin annihilation contribution to this amplitude is a small
effect, which in fact is consistent with the magnitude expected for a power correction.
Specifically, we find that |βc3/αc4| = 0.09+0.32−0.09. At least for the case of B¯ → πK¯ modes
there is thus very little room for large non-perturbative contributions to the dominant
penguin amplitude besides those already included in QCD factorization.
This observation can be used to place a constraint on the quantity XA in (63), which
we use to parameterize our model estimate for the annihilation terms. In the first plot in
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Figure 10 we compare our theoretical results for the ratio αˆc4(πK¯)/(α1+α2)(ππ) with the
experimental value of its magnitude obtained from (75). The point with error bars gives
our central value with errors from parameter variations (including XA and XH). The
solid “onion-shaped” curve indicates the variation allowed with ̺A = 1 and arbitrary
annihilation phase ϕA. This is the region allowed by the error analysis of [10]. The
larger onion-shaped curves correspond to values of the annihilation parameters outside
our usual error analysis, namely ̺A = 2 (dashed curve) and ̺A = 3 (dashed-dotted
curve). They are included here to indicate that for such large values of ̺A agreement
with the data requires fine-tuning of the annihilation phase ϕA. We will see below that
such large ̺A values are all but excluded by current data. In fact, the B¯ → πK¯ decays
alone (PP case) do not allow for values of ̺A above about 2.5 once data from direct CP
asymmetries are included (triangular shape, see below).
The penguin coefficients in the B → PV modes B → πK∗ and B → Kρ can
be probed via relations analogous to (75). For the case of B− → π−K¯∗0 data exist,
and the corresponding result is shown in the second plot in Figure 10. In that case
the ratio fpi/fK in (75) must be replaced by fpi/fK∗, but there is still no dependence
on hadronic form factors. We observe that the central value for the magnitude of the
penguin coefficient αˆc4(πK¯
∗) obtained in QCD factorization is significantly smaller than
the experimental value, and the two barely overlap when theoretical uncertainties are
taken into account. Unfortunately, the branching fraction for the decay B− → ρ−K¯0
has not yet been measured. We therefore cannot test whether the penguin coefficient in
the B → V P modes B¯ → ρK¯ is correctly predicted in QCD factorization.
It is also instructive to determine ratios of penguin coefficients that are independent
of |Vub/Vcb|, using the relations∣∣∣∣ αˆc4(πK¯∗)αˆc4(πK¯)
∣∣∣∣ = fKfK∗
[
Γ(B− → π−K¯∗0)
Γ(B− → π−K¯0)
]1/2
= 0.58± 0.07 (exp.) ,
∣∣∣∣ αˆc4(ρK¯)αˆc4(πK¯)
∣∣∣∣ = FB→pi0 (0)AB→ρ0 (0)
[
Γ(B− → ρ−K¯0)
Γ(B− → π−K¯0)
]1/2
(not yet observed) ,
(76)
which can be used to relate the dominant penguin coefficients αˆc4 in the PV modes
B¯ → πK¯∗ and B¯ → ρK¯ to the corresponding coefficient in the PP mode B¯ → πK¯.
While unfortunately no data are available yet that would allow us to deduce the relative
magnitude of the penguin coefficients in the B → PV and B → V P modes, the first ratio
above provides a first clue about the magnitude of the penguin coefficient in B → PV
modes, which is seen to be significantly smaller than the corresponding coefficient in
B → PP decays. Qualitatively, this reduction can be understood in terms of the fact
that the quantity ap6 in the relation α
p
4 = a
p
4+rχ a
p
6 in (31) vanishes at tree level for the case
where M2 is a vector meson. In fact, using default parameters we predict an even more
drastic reduction of the penguin coefficient, |αc4(πK¯∗)+βc3(πK¯∗)| = |(−0.030−0.002i)−
0.005| = 0.035, where the power-suppressed twist-3 term in the projector (29) contributes
about 10% to the result for αc4. This leads to a ratio |αˆc4(πK¯∗)/αˆc4(πK¯)| = 0.32. Note
that the annihilation contribution is now potentially much bigger, |βc3/αc4| = 0.16+0.89−0.14,
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and also much more uncertain. The main reason for the enhancement of this ratio is
the reduction of αc4 compared with the case of B → PP decays. We expect a similar
situation to hold in the case of V P modes, for which we expect |αc4(ρK¯) + βc3(ρK¯)| =
|(0.037 + 0.003i) + 0.007| = 0.044 and |βc3/αc4| = 0.18+0.83−0.18.
Additional information can be obtained by combining the observables for the decays
B¯0 → π+K− and B− → π−K¯0, as well as for the corresponding B → PV modes [46, 48].
Neglecting the small parameter αˆu4 (which is justified at the level of a few percent) and
introducing the tree-to-penguin ratio rFM = |λ(s)u /λ(s)c | · (−α1(πK¯)/αˆc4(πK¯)) ≈ 0.2 , we
obtain
RFM =
Γ(B¯0 → π+K−)
Γ(B− → π−K¯0) = 1− 2 cos γ Re rFM + |rFM|
2 ,
RFM · ACP(B¯0 → π+K−) = −2 sin γ Im rFM .
(77)
In the B¯ → πK¯ sector the experimental values of these ratios are RFM = 0.96 ± 0.07
and RFM · ACP(B¯0 → π+K−) = −(8.2 ± 3.8)%. The second relation in (77) provides
useful information on the relative strong-interaction phase of the ratio α1(πK¯)/αˆ
c
4(πK¯).
Assuming that α1(πK¯) has about the same phase as α1(ππ) (both are expected to be
almost real and close to 1), we can then extract an estimate for the strong phase of the
penguin coefficient αˆc4(πK¯). The result is illustrated by the triangular-shaped area in
the first plot in Figure 10.
We stress at this point that, in the future, the analogous ratios in the B¯ → πK¯∗ and
B¯ → ρK¯ systems will provide interesting information about tree–penguin interference
in PV and V P modes. The corresponding ratios rFM in these two systems are expected
to be larger than rFM(πK¯) by roughly a factor of 2, thereby enhancing significantly the
interference terms in (77) and the sensitivity to γ. Note that the sign of the interference
term is expected to be different in the ρK¯ modes (Re(rFM) < 0) as compared with the
πK¯(∗) modes (Re(rFM) > 0).
The results for the penguin coefficients illustrated in Figure 10 motivated our sce-
narios S3 to S4 explained earlier. The values of the penguin-to-tree ratios obtained in
these scenarios are indicated by the dots on the solid contours (S3) and by the squares
(S4). From Tables 2 and 3 we observe that these scenarios are rather consistent with the
data within errors. The best match is obtained for scenario S4. A notable exception is
the decay B¯0 → π0K¯0, whose measured branching fraction exceeds the values obtained
using QCD factorization. We will discuss below that this fact cannot be attributed to
uncertainties of the factorization approach.
5.1.2 Other decays
Within the approximations described earlier the amplitudes for the decays B− → K−φ
and B¯0 → K¯0φ coincide and are determined in terms of the combination αc3+αˆc4− 12αc3,EW,
where once again the terms with p = u can be neglected to a good approximation. The
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experimental value of the ratio
Γ(B− → K−φ)
Γ(B¯0 → K¯0φ) = 1.10± 0.18 , (78)
is indeed consistent with unity. In QCD factorization we find the central values αc3 ≈
0.002, αˆc4 ≈ −0.038, and −12αc3,EW ≈ 0.004, suggesting that the amplitude is dominated
by the penguin coefficient αˆc4. Under this assumption, and using the average of these
two decay rates, we then obtain
FB→K0 (0)
FB→pi0 (0)
∣∣∣∣ αˆc4(K¯φ)αˆc4(πK¯∗)
∣∣∣∣ ≃ fK∗fφ
[
Γ(B¯ → K¯φ)
Γ(B− → π−K¯∗0)
]1/2
= 0.82± 0.10 . (79)
Our theoretical value 1.33+0.43−0.36 for the left-hand side of this equation is in marginal
agreement with the data. Leaving aside the possibility that the B → K form factor is
much smaller than assumed in our analysis, this might indicate a more modest penguin
enhancement in the PV modes B¯ → K¯φ than in B¯ → πK¯∗.
5.2 Hints of departures from the Standard Model
Some measurements related to the penguin-dominated ∆S = 1 transitions are difficult to
explain theoretically. We will now study the corresponding observables. The quantities
we will focus on are the mixing-induced CP asymmetries in the decays B → φKS and
B → η′KS, and the CP-averaged B¯0 → π0K¯0 branching ratio.
5.2.1 Mixing-induced CP asymmetries in B → φKS and B → η
′KS decays
In neutral B-meson decays into a CP eigenstate f , one can define a time-dependent CP
asymmetry
Br(B¯0(t)→ f)− Br(B0(t)→ f)
Br(B¯0(t)→ f) + Br(B0(t)→ f) ≡ Sf sin(∆mB t)− Cf cos(∆mB t) , (80)
where ∆mB > 0 denotes the mass difference of the two neutral B eigenstates. The
notation B0(t) refers to a state that was B0 at time t = 0, and B¯0(t) refers to a state
that was B¯0 at time t = 0. The identity of these states at t = 0 is determined by tagging
the “other B”, using the fact that B0 and B¯0 are produced in a coherent state at the
Υ(4S). The quantity Sf is referred to as “mixing-induced CP asymmetry”, while −Cf
is the direct CP asymmetry.
If all subdominant amplitudes are neglected, the mixing-induced CP asymmetries Sf
for the three final states J/ψKS, φKS, and η
′KS all equal sinφd, where φd = 2β is the
Bd–B¯d mixing phase. As is well-known the correction to this result is smallest for the
final state J/ψKS, since the subleading amplitude is CKM-suppressed and suppressed by
a penguin-to-tree ratio. The correction is somewhat larger for the other two final states,
where one can rely only on CKM suppression. The measurements of Sf for f = φKS
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and η′KS will become more accurate during the coming years, so that it is interesting to
quantify the correction.
We can parameterize the B¯d decay amplitude such that it is proportional to 1 +
e−iγ df eiθf , where df ≥ 0 includes the small ratio |VudVub| / |VcdVcb| of CKM elements, and
θf is the strong-interaction phase difference between the two amplitudes with different
weak phases. The CP-asymmetry Sf is then given by
Sf =
sinφd + 2df cos θf sin(φd + γ) + d
2
f sin(φd + 2γ)
1 + 2df cos θf cos γ + d
2
f
= sinφd + 2df cos θf cosφd sin γ +O(d
2
f) . (81)
For the two modes of interest we obtain
2df cos θf =
 3.9± 0.9
+0.2+0.3+1.4
−0.1−0.2−1.6% ; f = φKS ,
1.8± 0.4± 0.4+0.8+0.9−1.2−0.8% ; f = η′KS .
(82)
where the errors have the same meaning as in previous sections. The various scenarios
give very similar values, ranging from 3.2–3.5% for φKS and 0.5–1.7% for η
′KS.
As expected the correction is very small, since the QCD factorization approach does
not contain any large enhancement mechanism that could compensate the CKM sup-
pression. The theoretical uncertainties are under control in both cases, including those
due to the power corrections parameterized by the quantities XA and XH . Using that
cosφd sin γ = 0.64
+0.04
−0.12 for γ = (70± 20)◦, we conclude that in the Standard Model
SφKS − SJ/ψKS = 0.025± 0.012± 0.010 ,
Sη′KS − SJ/ψKS = 0.011± 0.009± 0.010 ,
(83)
where the second error estimates the uncertainty in SJ/ψKS . Our theoretical results
obtained using QCD factorization agree with simple model estimates obtained in [51].
The correction for η′KS is smaller than for φKS since the color-suppressed tree and
penguin amplitudes partially cancel each other. The precision of the predictions (83) is
higher than in a scheme where only SU(3) flavor symmetry is employed [52], in which
case the two differences above can only be bound to be less than about 30%. The present
experimental values of the two differences are
SφKS − SJ/ψKS = −1.11± 0.41 ,
Sη′KS − SJ/ψKS = −0.40± 0.34 .
(84)
In the first case there is a 2.8σ discrepancy between the data and the theoretical pre-
diction obtained in the Standard Model. If confirmed with more data, this would be a
clean signal of physics beyond the Standard Model.
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Figure 11: Theoretical prediction for the ratio R00 as a function of γ. The
central value is shown by the solid line. The inner (dark) band corresponds
to the variation of the theory input parameters, while the outer (light) band
includes in addition the uncertainty from weak annihilation and twist-3 hard-
spectator contributions parameterized by XA and XH . The gray bands show
the experimental result for R00 with its 1σ (dark) and 2σ (light) errors.
5.2.2 The large B¯0 → pi0K¯0 decay rate
The experimental data for the B¯0 → π0K¯0 decay rate are significantly larger than
predictions obtained using QCD factorization. Sometimes this is interpreted as evidence
for large rescattering effects. The purpose of this section is to point out that rescattering
(or, more generally, any other source of hadronic uncertainty) cannot be invoked to
explain the data.
In many analyses the B¯0 → π0K¯0 decay rate is normalized to the rate for B¯0 → π+K−
in order to eliminate the dependence on the form factor [10, 48]. The resulting ratio is a
strong function of γ, and in fact its high value can be explained by choosing a low value
of γ. Here we propose to consider instead the ratio
R00 =
2Γ(B¯0 → π0K¯0)
Γ(B− → π−K¯0) (85)
of CP-averaged rates. The experimental value of this ratio is Rexp00 = 1.18 ± 0.17. The
theoretical prediction obtained using QCD factorization is Rth00 = 0.79±0.02±0.06+0.03−0.01±
0.04, essentially independent of γ. The largest uncertainties are due to the strange-quark
mass, the B → π and B → K form factors, and XA. The very weak dependence of this
result on γ is illustrated in Figure 11. The results obtained in the various scenarios are:
Rth00 = 0.75 (S1), 0.87 (S2), 0.81 (S3), and 0.86 (S4). Even the largest theoretical values
are about 2 standard deviations away from the central experimental result.
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The theoretical interpretation of the ratio R00 in the Standard Model is very clean.
Based on the amplitude parameterizations in (73) we define the ratios
rEW =
3
2
RpiK
αc3,EW(πK¯)
αˆc4(πK¯)
≈ 0.12− 0.01i ,
rC = −RpiK
∣∣∣∣∣λ
(s)
u
λ
(s)
c
∣∣∣∣∣ α2(πK¯)αˆc4(πK¯) ≈ 0.03− 0.02i ,
rP =
∣∣∣∣∣λ
(s)
u
λ
(s)
c
∣∣∣∣∣ αˆu4(πK¯)αˆc4(πK¯) ≈ 0.02− 0.01i , (86)
where RpiK = (fpi/fK) ·(FB→K0 /FB→pi0 ) ≈ 1. The numerical values correspond to the cen-
tral results obtained in QCD factorization and are meant only to illustrate the smallness
of the various ratios. The ratio rEW determines the relative magnitude of electroweak to
QCD penguin contributions. In the Standard Model, the theoretical prediction for this
quantity is to a large extent free of hadronic uncertainties. To see this, note that rEW
can be written as the product of the two ratios 3
2
RpiK α
c
3,EW/(α1+α2) and (α1+α2)/αˆ
c
4.
Using Fierz identities and top-quark dominance in the electroweak penguin diagrams the
first of these ratios can be calculated in a model-independent way up to corrections that
break V-spin (s ↔ u) symmetry [47]. The second ratio can be determined experimen-
tally using the strategies described in Section 5.1.1. Next, the quantity rC determines
the ratio of the color-suppressed tree amplitude to the dominant penguin amplitude.
This ratio is doubly CKM suppressed. The magnitude of the penguin coefficient αˆc4(πK¯)
is determined by data, and the magnitude of the tree coefficient α2 is expected to be of
order 0.2 (though it is larger in the scenarios S2 and S4). It then follows that rC cannot
be larger than a few percent in magnitude. Finally, the ratio rP determines the rela-
tive magnitude of up and charm-penguin contributions weighted by their CKM factors.
Being again doubly CKM suppressed, this ratio is bound to be of order a few percent.
Moreover, to first order this ratio cancels between numerator and denominator in the
ratio R00.
It is then justified to work to first order in the small ratios rC and rP and to neglect
cross terms of order rEWrC and rEWrP . Parametrically, this amounts to neglecting
terms of O(λ4, αλ2, α2), where λ ≈ 0.22 is the Cabibbo angle and α the electromagnetic
coupling. This gives
R00 = |1− rEW|2 + 2 cos γRe rC + . . . , (87)
where the neglected terms are safely below 1% in magnitude. For γ ≈ 70◦ the cos γ-
dependent term is about +0.02, which is negligible in view of the present experimental
error in R00. The fact that R
th
00 < 1 can be understood in terms of a negative interference
between QCD and electroweak penguin contributions. The value rEW ≈ 0.12 predicted
by QCD factorization indeed leads to Rth00 ≈ 0.79 in (87), which explains our numerical
result. In the Standard Model the result R00 < 1 is a practically model-independent
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prediction. In this regard the theoretical analysis of the observable R00 is almost as clean
as that of the CP asymmetry SφKS discussed in the previous section. If the experimental
finding of R00 > 1 is confirmed, this would be a clean signal of physics beyond the
Standard Model.4
The concerned reader may ask whether the conclusion just obtained could be affected
by contributions to the decay amplitudes neglected in our approximation scheme. Using
the exact expressions for the amplitudes collected in Appendix A but dropping again
terms of O(λ4, αλ2, α2), we find that the above analysis remains valid provided the ratios
rEW and rC are redefined as
rEW =
3
2
RpiK α
c
3,EW(πK¯) + β
c
3,EW(πK¯)
αˆc4(πK¯)
,
rC = −
∣∣∣∣∣λ
(s)
u
λ
(s)
c
∣∣∣∣∣ RpiK α2(πK¯) + β2(πK¯)αˆc4(πK¯) . (88)
The additional annihilation and electroweak annihilation contributions are so small that
they cannot affect the analysis presented above.
Since (87) contains a term linear in the parameter rEW, one might try to increase the
value ofR00 (without changing much the decay rates for other B → πK modes) by adding
an O(1) New Physics contribution to the electroweak penguin coefficient αc3,EW(πK¯).
Such large non-standard effects with the flavor structure of electroweak penguins can
indeed arise in a large class of extensions of the Standard Model [54]. However, there
is an alternative way of displaying the “π0K0 anomaly” which points in a different
direction. Using the isospin properties of the effective weak Hamiltonian and of the
(πK) final states it can be shown that the ratio
RL =
2Γ(B¯0 → π0K¯0) + 2Γ(B− → π0K−)
Γ(B− → π−K¯0) + Γ(B¯0 → π+K−) (89)
equals 1 up to corrections that are at least quadratic in small amplitude ratios [55, 56].
In terms of the amplitude ratio rEW defined in (86) and a new ratio
rT = −
∣∣∣∣∣λ
(s)
u
λ
(s)
c
∣∣∣∣∣ α1(πK¯)αˆc4(πK¯) ≈ 0.18− 0.02i , (90)
we find
RL = 1 + |rEW|2 − cos γ Re(rT r∗EW) + . . . , (91)
where we have neglected smaller second-order terms involving the ratios rC and rP .
Because the corrections are of second order in small ratios the theoretical expectation
4The conclusion that the current πK data may point to an electroweak penguin contribution at
variance with the Standard Model value of αc3,EW has been reached independently in [53] through an
analysis of a larger set of ratios.
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for RL lies very close to 1. We find R
th
L = 1.01±0.01±0.01+0.01−0.00±0.01 using our default
error analysis, while the different scenarios predict: RthL = 1.03 (S1), 1.02 (S2), 1.01
(S3), and 1.02 (S4). The current experimental result, RexpL = 1.24± 0.10, deviates from
the theoretical expectation by about 2σ, as recently emphasized in [57]. To account
for the experimental value requires that the magnitude of rEW be many times larger
than in the Standard Model (since rT is restricted by data to lie close to its theoretical
value). Specifically, from (87) and (91) it follows that in order to reproduce the central
experimental data one needs rEW ≈ ±0.5i with a large (weak or strong) phase.
Before proceeding, we stress that ratios analogous to R00 and RL can also be consid-
ered for vector–pseudoscalar final states, for which the final states πK¯ are replaced
by ρK¯ or πK¯∗. Let us briefly consider the case of R00 in more detail. To lead-
ing order in small quantities relation (87) holds also in these cases once the ratio
RpiK ≈ 1.0 is replaced by corresponding ratios RρK = (fρ/fK) · (FB→K+ /AB→ρ0 ) ≈ 1.2
and RpiK∗ = (fpi/fK∗) · (AB→K∗0 /FB→pi+ ) ≈ 1.0. Due to the suppression of the penguin
coefficient αˆc4 the values of the ratios rEW and rC are larger for the PV modes than for
the PP modes. In addition, the sign of rEW in the ρK¯ modes is negative and opposite
to the cases of πK¯ and πK¯∗. This qualitatively explains our results Rth00(ρK¯) = 1.73
+0.62
−0.48
and Rth00(πK¯
∗) = 0.41+0.25−0.26. Obviously the uncertainties are significantly larger than in
the πK¯ case, but nevertheless it would be interesting to probe the qualitative features
of these predictions. Unfortunately, the neutral B decays into ρ0K¯0 and π0K¯∗0 have not
been seen yet experimentally. However, in the case of πK¯∗ we may derive the experi-
mental upper bound RexpL (πK¯
∗) < 0.9 at 90% confidence level, which agrees with the
prediction that this ratio should be smaller than 1.
5.3 Penguin and annihilation-dominated ∆D = 1 decays
The last set of decays from which interesting information on penguin and annihilation
terms can be deduced is B¯ → K¯K and the corresponding PV modes. The decay ampli-
tudes for B¯0 → K−K+, B¯0 → K−K∗+, and B¯0 → K∗−K+ are particularly interesting,
since they are the only decay modes that receive only weak annihilation contributions.
The corresponding simplified amplitudes are given by
AB−→K−K0 = AK¯K
[
δpu β2 + αˆ
p
4
]
,
AB¯0→K−K+ = AK¯K
[
δpu β1 + β
p
4
]
+BKK¯ b
p
4 ,
AB¯0→K¯0K0 = AK¯K
[
αˆp4 + β
p
4
]
+BKK¯ b
p
4 ,
(92)
where it is understood that each term must be multiplied with λ
(d)
p and summed over
p = u, c. The expressions for the B¯ → K¯K∗ and B¯ → K¯∗K amplitudes are obtained
by replacing (K¯K)→ (K¯K∗) and (K¯∗K), respectively. We will also consider the modes
B¯ → πφ, whose amplitudes are extremely simple and given by
AB−→pi−φ = −
√
2AB¯0→pi0φ = Apiφ αp3 . (93)
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Our default theoretical predictions for these modes are shown in Tables 4, 5 and 6.
In principle, the modes B¯0 → K−K+ (and the corresponding PV modes) can provide
interesting information about the weak annihilation amplitudes. Unfortunately, however,
their branching fractions are too small to be observed in the near future. The other decay
modes are penguin dominated. Using this information we predict
Γ(B− → K−K0)
Γ(B¯0 → K¯0K0) ≈ 1 ,
Γ(B− → K−K∗0)
Γ(B¯0 → K¯0K∗0) ≈ 1 ,
Γ(B− → K0K∗−)
Γ(B¯0 → K0K¯∗0) ≈ 1 . (94)
The relevant branching fractions are found to be of order few times 10−7, which should
be within the long-term reach of the B factories. If these equalities could be established,
this would be another indication that annihilation contributions are suppressed with
respect to the dominant penguin amplitudes governed by αp4.
In the approximations described above, the decays B− → π−φ and B¯0 → π0φ are
determined by the singlet penguin coefficients αp3, which are predicted to be highly
suppressed in the QCD factorization approach. In addition these modes are CKM sup-
pressed. An experimental upper bounds exists for B− → π−φ, which however lies two
orders of magnitude above the theoretical predictions. It will therefore not be possible
to extract useful information from these modes is the foreseeable future.
5.4 Bounds on large annihilation contributions
Our discussion in this section was confined to the treatment of annihilation effects sug-
gested in [10], in which the value of the model parameter ̺A is limited to ̺A ≤ 1,
corresponding to a 100% uncertainty on the default value for the quantity XA. While we
still believe that this is a reasonable assumption, which so far has not been invalidated
by the data, one might ask what would happen if larger values of ̺A were considered.
Note that the annihilation kernels in (57) and (58) are quadratically dependent on the
quantity XA, so that increasing the value of ̺A can have a dramatic effect on the relative
strength of annihilation terms as compared with the leading penguin amplitude.
It is apparent from Figure 10 that for values of ̺A significantly larger than 1 a fine-
tuning of the phase ϕA is required so as not to be in conflict with the experimental
constraints on the magnitudes of the αˆc4 parameters in the πK¯ and πK¯
∗ systems. Let us
assume for a moment that this fine-tuning is indeed realized in nature. To be specific,
we set ̺A = 2 and adjust the phase ϕA = −60◦ such that the resulting αˆc4 values fall in
the center of the dark rings in Figure 10 (see the dots on the dashed curves). All other
parameters are set to their default values. We might then ask whether such a scenario
is consistent with the experimental data.
Interestingly, we find that for several decay channels the results obtained with such
large annihilation contributions are already in conflict with the data. In the upper part
of Table 7 we collect results for branching ratios where significant discrepancies appear.
In the lower portion of the table we give results for K(∗)K¯(∗) modes, some of which
are also very sensitive to annihilation effects. We conclude that the data support the
assumption that a reasonable estimate of weak annihilation effects can be obtained by
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Table 4: CP-averaged branching ratios (in units of 10−6) of penguin-dominated
B¯ → PP decays (top) and B¯ → PV decays (bottom) with ∆D = 1.
Mode Theory S1 S2 S3 S4 Experiment
B− → K−K0 1.36+0.45+0.72+0.14+0.91−0.39−0.49−0.15−0.40 2.20 1.52 1.71 1.46 < 2.2
B¯0 → K¯0K0 1.35+0.41+0.71+0.13+1.09−0.36−0.48−0.15−0.45 2.12 1.53 1.83 1.58 < 1.6
B− → K−K∗0 0.30+0.11+0.12+0.09+0.57−0.09−0.10−0.09−0.19 0.50 0.21 0.54 0.66 < 5.3
B¯0 → K¯0K∗0 0.26+0.08+0.10+0.08+0.46−0.07−0.09−0.08−0.15 0.41 0.18 0.45 0.56 —
B− → K0K∗− 0.30+0.08+0.41+0.08+0.58−0.07−0.18−0.07−0.17 0.45 0.75 0.61 0.55 —
B¯0 → K0K¯∗0 0.29+0.10+0.39+0.08+0.60−0.09−0.17−0.07−0.17 0.47 0.71 0.61 0.54 —
B− → π−φ ≈ 0.005 0.008 0.010 0.005 0.009 < 0.4
B¯0 → π0φ ≈ 0.002 0.004 0.005 0.002 0.004 < 5.0
Table 5: Direct CP asymmetries (in units of 10−2) of penguin-dominated B¯ →
PP decays (top) and B¯ → PV decays (bottom) with ∆D = 1. We only
consider modes with branching fractions larger than 10−7.
Mode Theory S1 S2 S3 S4 Experiment
B− → K−K0 −16.3+4.7+5.0+1.6+11.3−3.7−5.7−1.7−13.3 −10.0 −14.7 −6.5 −4.3 —
B¯0 → K¯0K0 −16.7+4.7+4.5+1.5+4.6−3.7−5.1−1.7−3.6 −10.6 −15.0 −12.7 −11.5 —
B− → K−K∗0 −23.5+6.9+7.8+5.5+25.2−5.7−9.0−6.5−36.8 −13.9 −22.5 −7.7 −9.6 —
B¯0 → K¯0K∗0 −26.7+7.4+7.2+5.7+10.9−5.7−9.0−6.9−13.4 −16.9 −26.0 −16.8 −13.6 —
B− → K0K∗− −13.4+3.7+7.8+4.2+27.4−3.0−3.5−4.7−36.7 −8.9 −12.7 −13.9 −21.1 —
B¯0 → K0K¯∗0 −13.1+3.8+5.4+4.5+5.8−3.0−2.9−5.2−7.4 −8.0 −12.2 −8.8 −10.0 —
Table 6: CP-averaged branching ratios (in units of 10−6) of annihilation-
dominated B¯ → PP decays (top) and B¯ → PV decays (bottom) with ∆D = 1.
Mode Theory S1 S2 S3 S4 Experiment
B¯0 → K−K+ 0.013+0.005+0.008+0.000+0.087−0.005−0.005−0.000−0.011 0.007 0.014 0.079 0.070 < 0.6
B¯0 → K−K∗+ 0.014+0.007+0.010+0.000+0.106−0.006−0.006−0.000−0.012 0.016 0.011 0.095 0.094 —
B¯0 → K+K∗− 0.014+0.007+0.010+0.000+0.106−0.006−0.006−0.000−0.012 0.016 0.011 0.095 0.056 —
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Table 7: CP-averaged branching ratios (in units of 10−6) of some decays that
imply bounds on the weak annihilation parameter XA. The theoretical results
refer to the choice ̺A = 2 with strong phase ϕA = −60◦.
Mode Default Large Annihilation Experiment
B¯0 → π0K¯∗0 0.7 6.0 < 3.6
B− → K−ρ0 2.6 9.0 < 6.2
B¯0 → K−ρ+ 7.4 19.3 8.5± 2.1
B− → K−φ 4.5 22.4 9.2± 0.7
B¯0 → K¯0φ 4.1 20.2 7.7± 1.1
B− → K−K0 1.36 1.65 < 2.2
B− → K∗−K0 0.30 1.14 —
B− → K−K∗0 0.30 0.95 < 5.3
B¯0 → K−K+ 0.01 0.21 < 0.6
B¯0 → K∗−K+ 0.01 0.26 —
B¯0 → K−K∗+ 0.01 0.26 —
varying the parameter ̺A between 0 and 1, allowing for an arbitrary strong phase ϕA.
Values of ̺A larger than 1 are strongly disfavored by the data, and values ̺A ≥ 2 can
already be excluded, at least if universal annihilation is a reasonable approximation. It
has occasionally been argued that one should allow for much larger values of ̺A < 8 to
account for the theoretical uncertainties related to power corrections [58]. Table 7 shows
that such large weak annihilation effects cannot be tolerated by the data.
6 Tree-dominated decays
Many of the decays with ∆D = 1 are dominated by tree amplitudes and do not suffer
from a large sensitivity to light quark masses or chirally-enhanced power corrections. We
now analyze this class of decays, including the time evolution of the πρ final states.
We first summarize the decay amplitudes simplified according to the discussion of
Section 4.2. There are three independent amplitudes for the decays B¯ → πρ given by
√
2AB−→pi−ρ0 = Apiρ
[
δpu (α2 − β2)− αˆp4
]
+ Aρpi
[
δpu (α1 + β2) + αˆ
p
4
]
,
AB¯0→pi+ρ− = Apiρ
[
δpu α1 + αˆ
p
4 + β
p
4
]
+ Aρpi
[
δpu β1 + β
p
4
]
,
−2AB¯0→pi0ρ0 = Apiρ
[
δpu (α2 − β1)− αˆp4 − 2βp4
]
+ Aρpi
[
δpu (α2 − β1)− αˆp4 − 2βp4
]
.
(95)
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Table 8: Magnitudes of the amplitude parameters for ππ and πρ final states
in the different scenarios. “Default” refers to the default input parameters.
Scenarios not shown agree with the default. A minus sign indicates that a
parameter is negative in naive factorization or (in case of the annihilation
parameters) if ̺A = 0. Theoretical errors are added in quadrature.
Default S2 S4 Default S2 S3 S4
α1(ππ) 0.99
+0.04
−0.07 0.84 0.88 β1(ππ) 0.025
+0.046
−0.018 0.032 0.062 0.071
α1(πρ) 0.99
+0.04
−0.06 0.89 0.90 β1(πρ) 0.020
+0.037
−0.013 0.023 0.051 0.063
α1(ρπ) 1.01
+0.04
−0.05 0.94 0.95 β1(ρπ) 0.024
+0.045
−0.015 0.024 0.061 0.053
α2(ππ) 0.20
+0.17
−0.11 0.57 0.48 −β2(ππ) 0.010+0.018−0.007 0.012 0.024 0.027
α2(πρ) 0.20
+0.16
−0.10 0.45 0.41 −β2(πρ) 0.008+0.015−0.005 0.009 0.019 0.024
α2(ρπ) 0.16
+0.13
−0.09 0.31 0.30 −β2(ρπ) 0.009+0.018−0.006 0.009 0.023 0.020
−αc4(ππ) 0.102+0.020−0.014 0.110 0.102 −β3(ππ) 0.009+0.032−0.009 0.013 0.035 0.041
−αc4(πρ) 0.032+0.006−0.006 0.027 0.028 −β3(πρ) 0.005+0.024−0.004 0.007 0.025 0.034
αc4(ρπ) 0.035
+0.020
−0.013 0.062 0.049 β3(ρπ) 0.007
+0.031
−0.007 0.008 0.032 0.028
These expressions must be multiplied with λ
(d)
p and summed over p = u, c. The order of
the arguments of the coefficients αpi (M1M2) and β
p
i (M1M2) is determined by the order of
the arguments of the AM1M2 prefactors. The amplitudes for B
− → π0ρ− and B¯0 → π−ρ+
are obtained from the first two expressions by interchanging π ↔ ρ everywhere, including
the arguments of the amplitude parameters. The expressions for the B¯ → ππ amplitudes
are obtained by setting ρ→ π, in which case they simplify to
√
2AB−→pi−pi0 = Apipi δpu (α1 + α2) ,
AB¯0→pi+pi− = Apipi
[
δpu (α1 + β1) + αˆ
p
4 + 2β
p
4
]
,
−AB¯0→pi0pi0 = Apipi
[
δpu (α2 − β1)− αˆp4 − 2βp4
]
.
(96)
Bose symmetry implies that the two-pion final state must have isospin I = 0, 2 but not
I = 1, which is the reason why the B¯ → ππ decay amplitudes are simpler than those for
B¯ → πρ. Finally,
√
2AB−→pi−ω = Apiω
[
δpu (α2 + β2) + 2α
p
3 + αˆ
p
4
]
+ Aωpi
[
δpu (α1 + β2) + αˆ
p
4
]
,
−2AB¯0→pi0ω = Apiω
[
δpu (α2 − β1) + 2αp3 + αˆp4
]
+ Aωpi
[
δpu (−α2 − β1) + αˆp4
]
.
(97)
To understand the pattern of branching fractions and asymmetries it is useful to bear
in mind the magnitudes of the amplitude parameters as given in Table 8. The table also
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shows the values of the parameters in the four scenarios defined in Section 5. Generically
α2 is large in scenarios S2 and S4 (and α1 is somewhat reduced), while the annihilation
coefficients are increased in S3 and S4. Because of the cancellation of vector and scalar
penguin contributions, the combination αp4(ρπ) = a
p
4(ρπ)− rpiχap6(ρπ) is very sensitive to
the strange-quark mass. Except for the purely neutral final states the most important
interference of amplitudes with different weak phases occurs between the tree coefficient
α1 and the effective penguin amplitude αˆ
c
4. Comparing the πρ final states to ππ we
note two important differences: first, the penguin amplitudes are smaller for πρ. This
implies reduced sensitivity to the angle γ in CP-averaged branching fractions and smaller
direct CP violation, but it also implies a reduced “penguin pollution” in time-dependent
studies of CP violation. Second, while αˆc4(ππ) and α1(ππ) have opposite signs (always
assuming small relative phases), which implies constructive tree-penguin interference for
γ < 90◦, both relative signs occur for πρ.
6.1 Branching fractions and direct CP asymmetries
Our results for the ππ, πρ, and πω branching fractions and direct CP asymmetries are
shown in Tables 9 and 10. In many cases the dominant theoretical uncertainty arises
from the variation of CKM parameters or form factors. The latter source of uncertainty
can be reduced once better data on semileptonic or leptonic B decays become available.
The sensitivity to CKM parameters is not a theoretical limitation but rather provides
access to |Vub| and γ.
From the numbers shown in the tables one observes reasonable global agreement be-
tween theory and data within their respective error ranges. Since many of the theoretical
errors are correlated among the various final states we shall consider below certain ratios
of observables, which provide more sensitive probes of the underlying hadronic ampli-
tudes. With default parameters the decay rates to the charged final states π+π− and
π±ρ∓ are predicted to be significantly larger than the data. The discrepancy disappears
for the two-pion final state if γ is large (scenario S1) or α2 is large (scenario S2). How-
ever, the table shows that the πρ modes do not favor the large-γ scenario. Both S2 and
S4, which combines elements of the large-α2 scenarios with a moderate increase of weak
annihilation, describe the branching fractions very well, but S4 is singled out if we add
the information from penguin-dominated decays discussed in the previous section.
The data on direct CP asymmetries are still too uncertain to draw conclusions from
the comparison with theory. We note a 2–3 standard deviation discrepancy for the π+π−
final state. The current central value 0.51 of the CP asymmetry is certainly too large
to be understood in the QCD factorization framework, and appears even more puzzling
in view of the small asymmetries for the πK final states. Unless we allow for very
large SU(3)-breaking effects the only difference between π+π− and π+K− occurs in the
annihilation term δpuβ1+2β
p
4 , but it is hard to see how this could cause such a dramatic
effect on the CP asymmetry, since βp4 is always very small in our framework and never
exceeds a quarter (and often less) of the other penguin annihilation coefficient βp3 . In
the future this combination of annihilation amplitudes can be constrained independently
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Table 9: CP-averaged branching ratios (in units of 10−6) of tree-dominated
B¯ → PP decays (top) and B¯ → PV decays (bottom) with ∆D = 1. The
errors and scenarios have the same meaning as explained in Section 5.
Mode Theory S1 S2 S3 S4 Experiment
B− → π−π0 6.0+3.0+2.1+1.0+0.4−2.4−1.8−0.5−0.4 5.8 5.5 6.0 5.1 5.3± 0.8
B¯0 → π+π− 8.9+4.0+3.6+0.6+1.2−3.4−3.0−1.0−0.8 6.0 4.6 9.5 5.2 4.6± 0.4
B¯0 → π0π0 0.3+0.2+0.2+0.3+0.2−0.2−0.1−0.1−0.1 0.7 0.9 0.4 0.7 1.6± 0.7
(< 3.6)
B− → π−ρ0 11.9+6.3+3.6+2.5+1.3−5.0−3.1−1.2−1.1 14.2 12.6 12.2 12.3 9.1± 1.1
B− → π0ρ− 14.0+6.5+5.1+1.0+0.8−5.5−4.3−0.6−0.7 10.7 10.4 14.2 10.3 11.0± 2.7
B¯0 → π+ρ− 21.2+10.3+8.7+1.3+2.0− 8.4−7.2−2.3−1.6 18.6 11.0 22.2 11.8 13.9± 2.7
B¯0 → π−ρ+ 15.4+8.0+5.5+0.7+1.9−6.4−4.7−1.3−1.3 17.5 10.8 16.4 11.8 8.9± 2.5
B¯0 → π±ρ∓ 36.5+18.2+10.3+2.0+3.9−14.7− 8.6−3.5−2.9 36.1 21.8 38.6 23.6 24.0± 2.5
B¯0 → π0ρ0 0.4+0.2+0.2+0.9+0.5−0.2−0.1−0.3−0.3 0.3 1.7 0.3 1.1 < 2.5
B− → π−ω 8.8+4.4+2.6+1.8+0.8−3.5−2.2−0.9−0.9 8.6 9.1 8.4 8.4 5.9± 1.0
B¯0 → π0ω 0.01+0.00+0.02+0.02+0.03−0.00−0.00−0.00−0.00 0.01 0.07 0.01 0.01 < 1.9
Table 10: Direct CP asymmetries (in units of 10−2) of tree-dominated B¯ → PP
decays (top) and B¯ → PV decays (bottom) with ∆D = 1. We only consider
modes with branching fractions larger than 10−7.
Mode Theory S1 S2 S3 S4 Experiment
B− → π−π0 −0.02+0.01+0.05+0.00+0.01−0.01−0.05−0.00−0.01 −0.02 −0.02 −0.02 −0.02 −7± 14
B¯0 → π+π− −6.5+2.1+3.0+0.1+13.2−2.1−2.8−0.3−12.8 −9.6 −9.1 5.6 10.3 51± 23
B¯0 → π0π0 45.1+18.4+15.1+ 4.3+46.5−12.8−13.8−14.1−61.6 23.0 21.7 5.6 −19.0 —
B− → π−ρ0 4.1+1.3+2.2+0.6+19.0−0.9−2.0−0.7−18.8 3.4 4.6 −13.3 −11.0 −17± 11
B− → π0ρ− −4.0+1.2+1.8+0.4+17.5−1.2−2.2−0.4−17.7 −5.3 −6.3 12.2 9.9 23± 17
B¯0 → π+ρ− −1.5+0.4+1.2+0.2+8.5−0.4−1.3−0.3−8.4 −1.7 −1.8 6.6 3.9 −11± 17
B¯0 → π−ρ+ 0.6+0.2+1.3+0.1+11.5−0.1−1.6−0.1−11.7 0.5 1.7 −10.3 −12.9 −62± 27
B¯0 → π0ρ0 −15.7+4.8+12.3+11.0+19.8−4.7−14.0−12.9−25.8 −20.9 −9.5 −10.6 10.7 —
B− → π−ω −1.8+0.5+2.7+0.8+2.1−0.5−3.3−0.7−2.2 −1.8 0.6 −2.1 −6.0 9± 21
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using B¯0 → K−K+ decays (up to SU(3)-breaking effects).
With the exception of the neutral final states the direct CP asymmetries are all
predicted to be small, although with large uncertainties due to weak annihilation that
affect even the signs of the asymmetries. However, the analysis of Section 5 has shown
that for the largest values of weak annihilation allowed by our error definition not all
values of the annihilation phase are compatible with data on branching fractions and CP
asymmetries of penguin-dominated decays (see Figure 10). This might favor the signs
displayed in scenario S3 and S4, although this conclusion must be regarded with great
caution since it is mainly based on the direct CP asymmetry in the π∓K± mode.
It is worth emphasizing that the correlations between various asymmetries are pre-
dicted more reliably in the factorization framework than the asymmetries themselves,
at least if the annihilation parameter ̺A is not too different for the PP , PV , and V P
amplitudes, or if annihilation is a small effect altogether. Table 10 shows that this is the
case for all our scenarios. Since in the case of a small penguin-to-tree ratio the direct
CP asymmetry is approximately given by 2 sin γ |λ(d)c /λ(d)u | Im(αˆc4/α1), the relative mag-
nitudes of the CP asymmetries in π+π−, π−ρ0, π0ρ−, π−ρ+, and π+ρ− provide direct
access to the magnitudes and signs (phases) of the penguin amplitudes αˆc4 for ππ, πρ,
and ρπ, which are predicted to be rather different (see Table 8). We note specifically the
case of the B− → π−ρ0 and B− → π0ρ− amplitudes, where according to (95) the PV
and V P penguin amplitudes appear as Aρpi αˆ
c
4 − Apiρ αˆc4 but with opposite sign relative
to α1, and the charged final states, which probe the magnitude and sign of the PV and
V P penguin amplitudes independently. A verification of these sign patterns alone would
provide an impressive confirmation of the relevance of factorization to the calculation of
direct CP asymmetries.
6.2 Ratios of decay rates
We now discuss a number of ratios of CP-averaged ππ and πρ decay rates, which are
either sensitive to the CKM angle γ or to particular aspects of the hadronic amplitudes.
In addition to Rpipi = Γ(B¯
0 → π+π−)/(2Γ(B− → π−π0)) we consider the ratios:
R1 ≡ Γ(B¯
0 → π+ρ−)
Γ(B¯0 → π+π−) , R2 ≡
Γ(B¯0 → π+ρ−) + Γ(B¯0 → π−ρ+)
2Γ(B¯0 → π+π−) ,
R3 ≡ Γ(B¯
0 → π+ρ−)
Γ(B¯0 → π−ρ+) ,
R4 ≡ 2 Γ(B
− → π−ρ0)
Γ(B¯0 → π−ρ+) − 1 , R5 ≡
2 Γ(B− → π0ρ−)
Γ(B¯0 → π+ρ−) − 1 .
(98)
The theoretical and experimental results for these ratios are summarized in Table 11.
The ratio Rpipi has already been discussed in part in Section 4.3 as one of the motivations
for exploring a scenario with large α2. Since QCD factorization does not contain a
mechanism to generate a large strong phase between the two amplitudes with different
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Table 11: Results for the ratios Rpipi and R1−5.
Theory S1 S2 S3 S4 Experiment
Rpipi 0.80
+0.12+0.05+0.13+0.14
−0.12−0.06−0.20−0.11 0.56 0.45 0.85 0.55 0.47± 0.08
R1 2.39
+0.31+0.04+0.15+0.05
−0.25−0.08−0.12−0.11 3.11 2.39 2.33 2.28 3.02± 0.64
R2 2.06
+0.40+0.53+0.12+0.03
−0.30−0.36−0.09−0.06 3.02 2.37 2.03 2.28 2.61± 0.35
R3 1.38
+0.18+0.82+0.03+0.02
−0.17−0.59−0.04−0.05 1.06 1.01 1.35 0.99 1.56± 0.53
R4 0.42
+0.04+0.15+0.45+0.23
−0.04−0.11−0.21−0.20 0.49 1.14 0.37 0.92 0.88± 0.57
R5 0.22
+0.07+0.08+0.23+0.14
−0.08−0.06−0.12−0.12 0.06 0.75 0.18 0.61 0.46± 0.46
weak phases contributing to B¯0 → π+π−, Rpipi is described well only if γ is significantly
larger than 100◦, or if α2 is large and Apipi|λ(d)u | is small.
We find that the ratio R1 is theoretically rather clean and yet sensitive to γ, because it
is almost independent of the B-meson form factors, and it is independent of the uncertain
color-suppressed tree coefficient α2 as seen from (95). In fact, if the tree coefficient α1
dominated the amplitude and were universal, R1 would equal (fρ/fpi)
2 = 2.55, which is
not far from the complete result. In our framework the largest theoretical uncertainty
comes from the pion and ρ-meson light-cone distribution amplitudes, since these cause
the largest non-universality of the amplitude parameters. From Table 11 we see that R1
is nearly constant, except in the scenario where γ = 110◦. The sensitivity to γ arises
from the fact that while in both cases the penguin–tree interference is constructive for
γ < 90◦, the effect is more pronounced for ππ than for πρ due to the larger penguin
amplitude in the former case. We should note, however, that the conclusion that R1 is
theoretically clean hinges on the assumption that the phase of the penguin annihilation
amplitude is not very different for the PP and PV amplitudes, or, if it is different, that
the magnitude of penguin annihilation is not too large. The current experimental value
of R1 is somewhat higher than the theoretical prediction for γ = 70
◦, but the difference
is only one standard deviation.
Since the sum of the π+ρ− and π−ρ+ decay rates is measured more accurately than the
individual rates, we also consider the second ratio R2. In this case there is a substantial
uncertainty from the ratio of form factors, AB→ρ0 (0)/F
B→pi
0 (0), evidenced by the second
error of the “Theory” column in Table 11. Perhaps the only thing that can be said at
present is that theory and experiment agree within their respective errors, which can be
taken as a qualitative argument in favor of factorization.
The ratio R3 of B¯
0 → π+ρ− to B¯0 → π−ρ+ is mainly sensitive to the form-factor
ratio AB→ρ0 (0)/F
B→pi
0 (0), and to a lesser extent to γ. Since the information provided
by R3 is largely equivalent to the one from the parameter ∆C in the time-dependent
analysis of the π∓ρ± final states (see Section 6.3 below), we do not discuss R3 further
here. The experimental result is again in good agreement with factorization.
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Finally, the quantities R4 and R5 are constructed such that the dominant tree am-
plitude cancels out in the numerator. This leaves as the leading term
R4 = 2
Apiρ
Aρpi
Re
(
α2(πρ)
α1(ρπ)
)
+ . . . , (99)
where the dots denote the interference terms with the penguin amplitude and other
smaller contributions. For R5 a similar approximation (with somewhat larger correc-
tions) holds with π ↔ ρ exchanged everywhere. Hence R4,5 are expected to be nearly
independent of γ, and in first approximation they access the real part of the color-
suppressed tree amplitude. These observables may therefore be interesting for assessing
the viability of the large-α2 scenarios S2 and S4. However, the current experimental
values of R4 and R5 are not sufficiently precise to support or disfavor these scenarios.
6.3 Time-dependent rates in the pi∓ρ± system
We now analyze the asymmetries in time-dependent measurements of B0 and B¯0 decays
into the π∓ρ± final states. We begin with setting up conventions and notation for a
general final state f and its CP conjugate f¯ [59].
We define Af , A¯f , Af¯ , and A¯f¯ to be the amplitudes for the four decay modes, where
the bar on A refers to the decay of the B¯0 meson. In the standard approximation, which
neglects CP violation in the B0–B¯0 mixing matrix and the width difference of the two
mass eigenstates, the decay amplitude squared at time t of the state that was a pure B0
at time t = 0 can be parameterized by
|Af(t)|2 ≡ |〈f |B(t)〉|2 = e
−Γt
2
(|Af |2 + |A¯f |2){1 + Cf cos(∆mB t)− Sf sin(∆mB t)} ,
(100)
where ∆mB > 0 denotes the mass difference, and Γ the common total width of the
B-meson eigenstates. For an initial B¯0 the signs of the cos and sin terms are reversed.
For decays to the CP-conjugate final state one replaces f by f¯ .
For the following discussion we adopt the phase convention CP|B0〉 = −|B¯0〉 and
define the amplitude ratios
ρf =
A¯f
Af , ρf¯ =
A¯f¯
Af¯
. (101)
In terms of these
Cf =
1− |ρf |2
1 + |ρf |2 , Sf = −2
Im (e−2iβρf )
1 + |ρf |2 , (102)
which are phase-convention independent. (The CKM angle β is defined according to
the convention of the Particle Data Group.) The system of four decay modes defines
five asymmetries, Cf , Sf , Cf¯ , Sf¯ – alternatively parametrized as C ≡ 12 (Cf + Cf¯),
S ≡ 1
2
(Sf + Sf¯), ∆C ≡ 12 (Cf − Cf¯) and ∆S ≡ 12 (Sf − Sf¯) – together with the global
charge asymmetry related to the overall normalization of (100):
1 + ACP
1−ACP ≡
|Af |2 + |A¯f |2
|Af¯ |2 + |A¯f¯ |2
, (103)
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or
ACP =
|Af |2 + |A¯f |2 − |Af¯ |2 − |A¯f¯ |2
|Af |2 + |A¯f |2 + |Af¯ |2 + |A¯f¯ |2
. (104)
Under a CP transformation ρf goes into 1/ρf¯ ; hence ∆C and ∆S are CP-even, but ACP,
C, and S are CP-odd. For the special case that f is a CP eigenstate there are only two
different amplitudes since f = f¯ , and ACP, ∆C and ∆S vanish.
For the πρ system we identify f = π−ρ+. We write the amplitudes as
A¯f = A¯pi−ρ+ = Aρpi |λ(d)u | Tρpi
(
e−iγ +
Pρpi
Tρpi
)
,
Af = Api−ρ+ = −Apiρ |λ(d)u | Tpiρ
(
eiγ +
Ppiρ
Tpiρ
)
.
(105)
For f¯ = π+ρ− one must exchange π ↔ ρ on A, T , and P . These equations define the
“tree” amplitudes T and the “penguin-to-tree” ratios, while the factors Apiρ and Aρpi
are given by (11). From (95) we see that A¯pi−ρ+ is proportional to Aρpi up to the small
weak annihilation contribution δpuβ1 + β
p
4 , which suggests to extract this factor as we
have done. The sign in the last amplitude is related to the CP convention for the B-
meson state and the convention that all decay constants and form factors are taken to
be positive.5
5The phases of the B-meson decay amplitudes are obtained as follows. Let C |π−〉 = ξpi|π+〉 and
C |ρ−〉 = ξρ|ρ+〉. Our CP convention for the B meson implies C|B¯0〉 = |B0〉, i.e., ξB = 1. Isospin invari-
ance suggests to choose ξpi = 1 and ξρ = −1, since π0 is C-even and ρ0 is C-odd, but in the following we
shall keep the charge-conjugation phases for the charged pions and ρ mesons arbitrary. It follows from
this that |π−π+〉 is CP-even, but CP |π−(~p )ρ+(−~p )〉 = ξpiξ∗ρ |π+(−~p )ρ−(~p )〉 = −ξpiξ∗ρ |π+(~p )ρ−(−~p )〉.
The second equality assumes that we form a wave-packet state by integrating over the relative momen-
tum ~p and uses that the π−ρ+ is in a P-wave state. Using CPO (CP)† = O† for the operators in the
effective weak Hamiltonian and dropping the momentum labels that are understood to be equal on the
left and right-hand sides, we obtain
〈π−π+|O†|B0〉 = −〈π−π+|O|B¯0〉 , 〈π−ρ+|O†|B0〉 = ξpiξ∗ρ 〈π+ρ−|O|B¯0〉 .
This can be used to show that ρpi+pi− = −e−2iγ , and hence Spipi = sin 2α in the absence of the penguin
contribution. Similarly, one finds Spi0ρ0 = sin 2α for the neutral πρ final state.
The conclusion is more subtle in the case of a non-CP eigenstate such as π∓ρ±, since after applying the
CP transformation ρpi−ρ+ involves the B¯ matrix elements of two different final states. To clarify the issue
we evaluate the matrix elements in naive factorization before and after applying the CP transformation,
neglecting in addition the penguin contribution. This gives
ρpi−ρ+ = e
−2iγ fpi−A
B¯→ρ+
0
fρ+F
B→pi−
0
= e−2iγ ξpiξ
∗
ρ
fpi−A
B¯→ρ+
0
fρ−F
B¯→pi+
0
.
The standard C and P transformations of the vector and axial-vector currents together with the CP
convention for the B meson imply fpi+ = ξpifpi− , fρ+ = −ξρfρ− , FB→pi
−
0 = −ξ∗piF B¯→pi
+
0 , and A
B→ρ−
0 =
ξ∗ρA
B¯→ρ+
0 . The previous equation is consistent with this. However, the relative phase (actually, only a
sign) of fB times the form factor to the light-meson decay constant cannot be inferred from symmetry
considerations alone. Neither can it be determined from the semileptonic decay rates, which provide
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Table 12: Magnitudes of the amplitude parameters in B → ππ and B → πρ
decays.
Theory S2 S3 S4
|Tpipi| 0.91+0.05−0.07 0.75 0.92 0.81
|Ppipi/Tpipi| 0.32+0.16−0.09 0.49 0.37 0.48
|Tpiρ| 0.98+0.04−0.07 0.88 0.99 0.88
|Ppiρ/Tpiρ| 0.10+0.06−0.04 0.12 0.12 0.20
|Tρpi| 1.07+0.09−0.07 1.03 1.11 1.07
|Pρpi/Tρpi| 0.10+0.09−0.05 0.19 0.14 0.15
The magnitudes of the “tree” and “penguin-to-tree” parameters in QCD factorization
are given in Table 12, where we also show the corresponding quantities for the ππ case.
Note that the sign of Pρpi/Tρpi is negative in naive factorization, where all amplitudes are
real, while the other two penguin-to-tree ratios are positive. The largest uncertainty on
the penguin-to-tree ratios is caused by |Vub|, ms, and weak annihilation. The important
point is that the penguin amplitudes are smaller for the πρ final states compared to
ππ. Furthermore, |Ppiρ/Tpiρ| and |Pρpi/Tρpi| are similar in magnitude and interfere with
an opposite sign with the tree amplitude. We should note that the near equality of the
two penguin-to-tree ratios is the result of intricate dynamics specific to factorization.
|Ppiρ/Tpiρ| is explained by the fact that ac4(πρ) + rρχac6(πρ) ≈ ac4(πρ), since the scalar
penguins have a small effect on PV amplitudes. On the other hand, for |Pρpi/Tρpi| the
scalar penguin amplitude ac6(ρπ) is large and determines the sign of a
c
4(ρπ)− rpiχac6(ρπ),
such that the PV and V P amplitudes have similar magnitude but opposite sign.
The results for the time-dependent asymmetry parameters are given in Table 13
including again our default prediction with errors and the four standard scenarios to
exhibit possible correlations. Since the penguin-to-tree ratios are small, it is instructive
to compare the complete results with an expansion of the asymmetries in these ratios.
access only to the magnitudes of these quantities. The expression after the second equality makes it
clear that we cannot simply assume all decay constants and form factors to be positive numbers.
To fix the sign we have to resort to theoretical input such as lattice calculations or QCD sum rules.
We then find that the (re-phasing invariant) ratios fBF
B¯→pi+
0 /fpi+ , fBA
B¯→ρ+
0 /fρ+ are positive (see, for
instance, [60]), hence fBF
B→pi−
0 /fpi− and the ratio of form factors and decay constants in ρpi−ρ+ is
negative. However, in this paper we have ignored the possible phase and sign conventions for the decay
constants and form factors, always assuming them positive. Hence, we must write
ρpi−ρ+ = −e−2iγ
Aρpi
Apiρ
in the naive factorization approximation. In QCD factorization these considerations carry over to the
full amplitude. This explains the minus sign in the B-meson decay amplitude of (105).
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Table 13: Parameters of the time-dependent B → π∓ρ± decay rate asymme-
tries as defined in the text. S and ∆S are computed for β = 23.6◦, corre-
sponding to sin(2β) = 0.734.
Theory S1 S2 S3 S4 Experiment
ACP 0.01
+0.00+0.01+0.00+0.10
−0.00−0.01−0.00−0.10 0.01 0.02 −0.08 −0.08 −0.21± 0.08
C 0.00+0.00+0.01+0.00+0.02−0.00−0.01−0.00−0.02 0.01 0.00 0.02 0.05 0.36± 0.18
S 0.13+0.60+0.04+0.02+0.02−0.65−0.03−0.01−0.01 1.00 0.20 0.14 0.09 0.19± 0.24
∆C 0.16+0.06+0.23+0.01+0.01−0.07−0.26−0.02−0.02 0.03 0.01 0.15 0.00 0.28± 0.19
∆S −0.02+0.01+0.00+0.00+0.01−0.00−0.01−0.00−0.01 0.00 −0.02 0.00 −0.03 0.15± 0.25
Defining Ppiρ/Tpiρ = a e
iδa , Pρpi/Tρpi = −b eiδb (such that δa, δb are small and a, b are
positive), and AρpiTρpi/(ApiρTpiρ) = Re
iδT , and treating a, b, and δT as small, the leading
terms read
ACP =
2
1 +R2
(
a sin δa +R
2 b sin δb
)
sin γ + . . . ,
C =
4R2
(1 +R2)2
(a sin δa − b sin δb) sin γ + . . . ,
∆C =
1− R2
1 +R2
+
4R2
(1 +R2)2
(a cos δa + b cos δb) cos γ + . . . ,
S =
2R
1 +R2
sin 2α− 2R
1 +R2
{
a cos δa
(
2 sin 2α
1 +R2
cos γ + sin(2β + γ)
)
− b cos δb
(
2R2 sin 2α
1 +R2
cos γ + sin(2β + γ)
)}
+ . . . ,
∆S =
2R
1 +R2
cos 2α sin δT − 2R
1 +R2
{
a sin δa
(
2 sin 2α
1 +R2
sin γ + cos(2β + γ)
)
+ b sin δb
(
2R2 sin 2α
1 +R2
sin γ + cos(2β + γ)
)}
+ . . . ,
(106)
with α = π − β − γ. The numerical values of a and b are given in Table 12. With our
input parameters the tree-to-tree ratio is given by R = 0.91+0.26−0.21 with phase δT = (1±3)◦,
where the sizable error on R is entirely due to the form factors.
The asymmetries ACP, C, and ∆S are suppressed by the penguin-to-tree ratios and
the sin of a strong phase, hence they are always small in QCD factorization. This can be
seen explicitly in Table 13. Note that ∆S has a potentially large coefficient in front of
sin δT , however a large relative phase of the PV and V P tree amplitudes would constitute
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Figure 12: Dependence of ∆C on the ratio of B-meson form factors (for fixed
FB→pi(0) = 0.28) for γ = 70◦ (center solid), γ = 40◦ (upper dashed) and
γ = 100◦ (lower dashed). The experimental value with its 1σ error is also
shown. Our central input value for the form-factor ratio is 1.32.
a rather unexpected failure of QCD factorization. The data show a large value of C,
which is related to the large direct CP asymmetry in B¯ → π−ρ+, since
ACP(π
−ρ+) =
ACP (1−∆C)− C
1−∆C − ACP C , ACP(π
+ρ−) = −ACP (1 + ∆C) + C
1 + ∆C + ACP C
. (107)
It seems impossible to accommodate a penguin–tree interference as large as needed to
reproduce the central experimental values of ACP and C within QCD factorization.
In first approximation ∆C is determined by the ratio R alone, with the largest uncer-
tainty due to the form factor ratio AB→ρ0 (0)/F
B→pi
0 (0). Since R is close to 1, the second
term in the expansion in the penguin-to-tree ratios is also important and introduces some
dependence on γ. This ratio is graphically displayed in Figure 12.
The most interesting asymmetry is S. The numerical values of the parameters R, a, b,
δa, and δb are such that the first correction to S in (106) nearly cancels, hence S is nearly
proportional to sin(2α). Furthermore, the expression 2R/(1+R2) is not very sensitive to
R near R = 1, leaving little uncertainty from the B-meson form factors. This suggests
that α or, more precisely, γ (given the B–B¯ mixing phase) can be accurately determined
from this asymmetry. In the upper panel of Figure 13 we overlay the experimental 1σ
band for S to the theoretical prediction given as a function of γ for β = 23.6◦, which
(up to a discrete ambiguity) corresponds to the current measurement of the B–B¯ mixing
phase. The figure also contains two further curves, which define the theory error band,
including the error ±2.4◦ on β. Since this observable might be used to put a constraint
on γ, we adopt an estimate of the theoretical error where the parameters ̺A that model
the size of weak annihilation are allowed to vary independently for the PV and V P
annihilation coefficients. This is more conservative than the standard error estimate,
since it allows for a significant difference in the magnitudes of Ppiρ/Tpiρ and Pρpi/Tρpi,
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Figure 13: Dependence of S on the angle γ for β = (23.6±2.4)◦. Upper panel:
S from the π∓ρ± final states. Lower panel: Spipi from the π−π+ final state.
The experimental values of S and Spipi with their 1σ errors are overlaid. The
dashed curves specify the theoretical error.
which breaks the near cancellation in the correction term to S in (106). The figure
shows that the theoretical error remains small even with this conservative estimate.
Using Sexp = 0.19± 0.24 we obtain the allowed ranges
γ = (72± 11)◦ or γ = (151± 10)◦ (from S) , (108)
where the limiting values are defined by the intersection of the theory error band with
the 1σ experimental error band. The error given is dominated by the experimental error.
The first range is in reasonable agreement with the standard unitarity-triangle fit. Note
that if we allow for the second solution for β, given by β → π/2−β, we obtain the above
ranges with γ → 180◦ − γ to a very good approximation.
It is interesting to compare the constraint on γ from S with the constraint obtained
from the analogous asymmetry in the decay to the π−π+ final state. Here the correction
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due to the penguin amplitude is larger. The current average experimental value Spipi =
−0.49± 0.27 yields
γ = (66+19−16)
◦ or γ = (174+9−8)
◦ (from Spipi) , (109)
as shown in the lower panel of Figure 13. Despite the rather different values of the
asymmetry, the allowed values of γ are consistent with each other, in particular for the
first range that is also compatible with the standard unitarity-triangle fit. This provides a
strong argument for the validity of the theoretical framework underlying the computation
of the hadronic amplitudes. While this is reassuring, one should keep in mind that there
are several aspects of the current ππ and πρ data that cannot be accommodated in QCD
factorization, in particular the large direct CP asymmetries for π−π+ and π−ρ+. Other
pieces of data, such as the measurements of Spipi, are not compatible between the BaBar
and Belle experiments. It remains to be seen whether these anomalies disappear without
affecting the apparent consistency of the remaining data.
The analysis of the πρ final states has been performed under the assumption that the
ρ-meson width is negligible. The experimental error from the quasi two-body assumption
on the extraction of the parameters of the time-evolution of B, B¯ → π∓ρ± decays has
been estimated as 0.08 for the CP-violating parameters ACP, C, and S, and as 0.03 for
∆C and ∆S [61]. This leaves enough room for an improvement of the experimental
error, so that we can look forward to more comprehensive unitarity-triangle constraints
from the πρ system once higher statistics data samples become available.
7 Final states containing η or η′
In this section we give results for the 23 B− and B¯0 decays into final states containing
the mesons η or η′. A dedicated investigation of the ∆S = 1 decays in QCD factorization
has already been performed in [18]. For comparison of the different scenarios that we
defined in the present paper we repeat the results for these decays in Tables 14 and 15.
Small differences in the “Theory” column relative to the “Default” in [18] result from
slight changes in the input parameters as mentioned in Section 3.
We shall not repeat here the discussion of the complex dynamics of decays to mesons
with flavor-singlet components that is particularly important for the penguin-dominated
∆S = 1 decays. Let us briefly summarize the conclusions reached in [18]. The singlet
penguin amplitude is presumably small and plays no important role in the enhancement
of the B¯ → η′K¯ branching fractions. Rather, the particular pattern of the B¯ → η(′)K¯(∗)
decay rates is caused by the interference of different non-singlet penguin amplitudes.
In particular, the large B¯ → η′K¯ branching fractions are obtained naturally in QCD
factorization. There are, however, large uncertainties in applying QCD factorization to
η(′) final states related to η–η′ mixing, a possible singlet contribution to the B → η(′)
form factors, and a novel, soft spectator-scattering term. The numerical results given in
the tables and their errors corroborate these findings.
The ∆D = 1 decay modes all have small branching fractions (and, perhaps, large CP
asymmetries) unless they involve the color-favored tree coefficient α1. The corresponding
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Table 14: CP-averaged branching ratios (in units of 10−6) of penguin-
dominated B¯ → PP decays (top) and B¯ → PV decays (bottom) with ∆S = 1.
The errors and scenarios have the same meaning as explained in Section 5.
Mode Theory S1 S2 S3 S4 Experiment
B− → ηK− 1.9+0.5+2.4+0.5+1.6−0.5−1.6−0.6−0.7 1.1 1.6 2.4 1.6 3.1± 0.7
B¯0 → ηK¯0 1.1+0.1+2.0+0.4+1.3−0.1−1.3−0.5−0.5 1.0 1.1 1.6 1.1 < 4.6
B− → η′K− 49.1+5.1+26.5+13.6+33.6−4.9−16.3−7.4−14.6 52.1 78.3 64.6 76.1 77.6± 4.6
B¯0 → η′K¯0 46.5+4.7+24.9+12.3+31.0−4.4−15.4−6.8−13.5 46.0 72.8 60.7 70.3 60.6± 7.0
B− → ηK∗− 10.8+1.9+8.1+1.8+16.5−1.7−4.4−1.3−5.5 14.0 19.4 19.1 19.9 25.4± 5.3
B¯0 → ηK¯∗0 10.7+1.1+7.8+1.4+16.2−1.0−4.3−1.2−5.5 10.7 18.2 18.6 18.6 16.4± 3.0
B− → η′K∗− 5.1+0.9+7.5+2.1+6.7−1.0−3.8−3.0−3.3 3.5 7.6 7.1 2.2 < 35
B¯0 → η′K¯∗0 3.9+0.4+6.6+1.8+6.2−0.4−3.3−2.5−2.9 3.7 6.7 6.0 1.9 < 13
results are summarized in Tables 16 and 17. We discuss specifically here only the ∆D = 1
decays to final states with one pion or ρ meson. The two independent decay amplitudes,
simplified according to Section 4.2, are given by
√
2AB−→pi−η = Apiηq
[
δpu (α2 + β2) + 2αˆ
p
3 + αˆ
p
4
]
+
√
2Apiηsαˆ
p
3 +
√
2Apiηcδpc α2
+ Aηqpi
[
δpu (α1 + β2) + αˆ
p
4
]
,
−2AB¯0→pi0η = Apiηq
[
δpu (α2 − β1) + 2αˆp3 + αˆp4
]
+
√
2Apiηsαˆ
p
3 +
√
2Apiηcδpc α2
+ Aηqpi
[
δpu (−α2 − β1) + αˆp4
]
, (110)
where αˆp3 ≡ αp3+βpS3. The amplitudes for B¯ → πη′ and B¯ → ρη(′) are obtained from these
results by replacing (π, η)→ (π, η′) and (π, η)→ (ρ, η(′)), respectively. We find that the
singlet coefficient αˆp3 and the “charm content” in the η
(′) are small. The amplitudes can
then be further approximated by setting αˆp3 and AM1η(′)c to zero.
The neutral B-meson decays to π0η(′) and ρ0η(′) have small branching fractions, be-
cause the color-suppressed tree amplitudes proportional to α2 tend to cancel each other.
A consequence of this is that the B¯0 → ρ0η(′) decay rates are predicted to be much
smaller than the B¯0 → π0η(′) rates, because the residual PV and V P penguin ampli-
tudes are smaller. The charged decays have branching fractions of a few times 10−6. We
note from (110) that the penguin coefficient αˆp4 enters both parts of the amplitude with
equal sign. We should therefore expect larger penguin–tree interference in B− → π−η
than in B¯0 → π−π+. Data are available for B− → π−η, whose branching fraction is in
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Table 15: Direct CP asymmetries (in units of 10−2) of penguin-dominated
B¯ → PP decays (top) and B¯ → PV decays (bottom) with ∆S = 1.
Mode Theory S1 S2 S3 S4 Experiment
B− → ηK− −18.9+6.4+11.7+4.8+25.3−6.9−17.5−8.5−21.8 −33.3 −19.6 2.7 9.6 −32± 20
B¯0 → ηK¯0 −9.0+2.8+ 5.4+2.8+8.2−2.1−12.6−6.2−7.8 −10.2 −10.3 −3.5 0.5 —
B− → η′K− 2.4+0.6+0.6+0.3+3.4−0.7−0.8−0.4−3.5 2.3 1.6 −0.6 −0.8 2± 4
B¯0 → η′K¯0 1.8+0.4+0.3+0.1+0.8−0.5−0.3−0.2−0.8 1.9 1.4 1.2 0.7 8± 18
B− → ηK∗− 3.5+0.9+1.9+0.8+20.7−0.9−2.7−0.8−20.5 2.7 3.0 −9.2 −5.7 −5± 28
B¯0 → ηK¯∗0 3.8+0.9+1.1+0.2+3.8−1.1−0.8−0.2−3.5 3.8 2.9 1.5 0.8 17± 27
B− → η′K∗− −14.2+4.7+8.5+4.9+27.5−4.2−13.8−14.6−26.1 −20.8 −9.8 4.5 22.1 —
B¯0 → η′K¯∗0 −5.5+1.6+3.1+1.8+6.2−1.3−5.1−5.9−7.0 −5.8 −4.1 −2.4 1.7 —
Table 16: CP-averaged branching ratios (in units of 10−6) of tree-dominated
B¯ → PP decays (top) and B¯ → PV decays (bottom) with ∆D = 1.
Mode Theory S1 S2 S3 S4 Experiment
B− → π−η 4.7+1.9+1.8+0.6+0.4−1.7−1.5−0.3−0.3 2.7 4.1 4.7 3.8 3.9± 0.9
B¯0 → π0η 0.28+0.09+0.43+0.02+0.19−0.08−0.26−0.02−0.08 0.45 0.31 0.35 0.30 < 2.9
B− → π−η′ 3.1+1.3+1.2+0.6+0.3−1.2−1.0−0.3−0.3 1.8 3.1 3.1 2.9 < 7
B¯0 → π0η′ 0.17+0.05+0.28+0.10+0.14−0.05−0.16−0.05−0.06 0.27 0.36 0.24 0.35 < 5.7
B¯0 → ηη 0.16+0.03+0.43+0.09+0.10−0.03−0.18−0.03−0.05 0.13 0.24 0.23 0.27 —
B¯0 → ηη′ 0.16+0.04+0.59+0.14+0.07−0.04−0.16−0.06−0.05 0.10 0.30 0.20 0.31 —
B¯0 → η′η′ 0.06+0.01+0.23+0.07+0.06−0.01−0.05−0.03−0.03 0.03 0.13 0.10 0.16 —
B− → ηρ− 9.4+4.6+3.6+0.7+0.7−3.7−3.0−0.4−0.7 8.3 6.3 9.1 6.3 < 6.2
B¯0 → ηρ0 0.03+0.02+0.16+0.02+0.05−0.01−0.10−0.01−0.02 0.05 0.04 0.06 0.09 < 5.5
B− → η′ρ− 6.3+3.1+2.4+0.5+0.5−2.5−2.0−0.3−0.5 6.0 4.3 6.1 4.2 < 33
B¯0 → η′ρ0 0.01+0.01+0.11+0.02+0.03−0.00−0.06−0.00−0.01 0.01 0.03 0.03 0.06 < 12
B¯0 → ηω 0.31+0.14+0.16+0.35+0.22−0.12−0.11−0.14−0.16 0.23 0.53 0.44 0.65 —
B¯0 → η′ω 0.20+0.10+0.15+0.25+0.15−0.08−0.05−0.10−0.11 0.17 0.36 0.29 0.44 —
B¯0 → ηφ ≈ 0.001 0.001 0.001 0.000 0.001 —
B¯0 → η′φ ≈ 0.001 0.002 0.002 0.002 0.003 —
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Table 17: Direct CP asymmetries (in units of 10−2) of tree-dominated B¯ → PP
decays (top) and B¯ → PV decays (bottom) with ∆D = 1. We only consider
modes with branching fractions larger than 10−7.
Mode Theory S1 S2 S3 S4 Experiment
B− → π−η −14.9+4.9+8.3+1.3+17.4−5.4−7.4−0.8−17.3 −25.9 −15.4 0.7 5.6 −51± 19
B¯0 → π0η −17.9+5.2+ 7.9+1.2+33.4−4.1−14.1−1.4−32.9 −11.0 −15.8 3.8 8.5 —
B− → π−η′ −8.6+2.8+10.5+0.7+20.4−3.1− 9.0−0.7−20.4 −14.9 −10.5 8.6 11.1 —
B¯0 → π0η′ −19.2+5.5+7.7+4.1+35.7−4.3−7.8−3.3−35.8 −11.9 −12.1 1.9 6.1 —
B¯0 → ηη −62.8+18.1+65.6+19.0+23.4−13.1−22.2− 9.5−16.2 −79.1 −41.3 −45.1 −20.1 —
B¯0 → ηη′ −56.3+17.1+141.0+20.7+13.7−16.6− 16.1−15.8−16.3 −87.2 −34.3 −46.8 −28.0 —
B¯0 → η′η′ −46.0+14.6+138.4+22.0+40.2−14.9− 11.0−17.5−34.0 −75.3 −27.8 −18.4 −3.5 —
B− → ηρ− −2.4+0.7+6.3+0.4+0.2−0.7−6.3−0.4−0.2 −2.7 −1.9 −2.4 −6.0 —
B− → η′ρ− 4.1+1.2+7.9+0.5+7.0−1.1−6.9−0.8−7.0 4.3 5.2 4.1 1.1 —
B¯0 → ηω −33.4+10.0+65.3+20.9+19.2− 9.5−55.8−21.4−20.8 −44.9 −10.5 −31.4 −27.5 —
B¯0 → η′ω 0.2+0.1+53.0+11.6+20.4−0.1−76.5−11.5−20.1 0.2 3.7 −1.9 −15.2 —
good agreement with our result. The upper limit on the ηρ− final state is already below
or near our prediction, and hence we expect this decay to be discovered soon.
It should be noted that some of the decay rates for final states containing an η′ meson,
in particular the modes B− → π−η′, ρ−η′, are very sensitive to the singlet contribution
to the B → η′ form factor in (62), which we simply put to zero. For instance, setting
F2 = 0.1 increases Br(B
− → π−η′) to about 7× 10−6, and Br(B− → ρ−η′) to 16× 10−6.
The direct CP asymmetries in Table 17 confirm the possibility of significant penguin–
tree interference in the decays B− → π−η(′). However, the measurement of ACP(π−η) =
(−51±19)%, together with a large CP asymmetry ACP(π−π+) = (51±23)% of opposite
sign and a large asymmetry ACP(ηK
−) = (−32 ± 20)% of the same sign, is difficult to
understand in QCD factorization and presumably in any framework (see, for instance,
the comments in [62]), unless one can accommodate very large SU(3) flavor-symmetry
breaking in the amplitudes pertaining to the ππ, πη(′), and K¯η(′) final states. Indeed, if
the dominant interference is between αˆc4 and α1, then the two CP asymmetries must have
the same sign, barring very large final-state dependence of these coefficients. Possible
corrections could come from the singlet penguin amplitude αˆc3, but for this amplitude
to have an effect as significant as indicated by the data, the estimates in [18] or [62]
would have to be grossly in error. This leaves α2, which if large could affect the phase of
the penguin-to-tree ratio by a noticeable amount. However, for this to reverse the sign
of a large CP asymmetry the color-suppressed tree coefficient would have to exceed the
color-allowed one (α1), which would affect all color-suppressed B decays.
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8 Results for B¯s decays
8.1 Simplified expressions for the decay amplitudes
So far we have focused our attention on the decays of B− and B¯0 mesons, which are
currently under investigation at the B factories. Our formalism applies equally to the
decays of Bs mesons, which cannot be studied at these facilities. These decay modes will
soon become accessible at hadronic B factories operated at the Tevatron Run-II, and in
the longer term at LHC-b and BTeV. In this section we present results for the branching
ratios and CP asymmetries of Bs decays into PP and PV final states. Our predictions
are collected in Tables 18–24.
8.1.1 Decays with ∆S = 1
Tables 18 and 19 contain results for penguin-dominated Bs decays with ∆S = 1. The
modes with two pseudoscalars in the final state have large branching fractions, which in
fact are among the largest of all rare B decays studied in this work. The expressions
for the B¯s → K¯K amplitudes, simplified according to the approximations described in
Section 4.2, are given by
AB¯s→K¯0K0 = BK¯K δpc bc4 + AKK¯
[
αˆp4 + δpc β
c
4
]
,
AB¯s→K−K+ = BK¯K δpc bc4 + AKK¯
[
δpu α1 + αˆ
p
4 + δpc β
c
4
]
.
(111)
The expressions on the right-hand side must be multiplied with λ
(s)
p and summed over p =
u, c. The amplitudes for B¯s → K¯K∗ and B¯s → K¯∗K are obtained from these expressions
by interchanging K ↔ K∗ or K¯ ↔ K¯∗ everywhere. Apart from the small annihilation
terms parameterized by βc4 these modes are characterized by a simple pattern of tree–
penguin interference, which resembles that in the decays B− → π−K¯0 and B¯0 → π+K−
in (73). This means that many of the analysis strategies discussed in Section 5.1.1
can be applied also here, once experimental data on the decays B¯s → K¯K (and the
corresponding PV modes) will become available. The expressions for modes involving η
or η′ are more complicated and will not be given here. The exact decay amplitudes for
these modes can be found in Appendix A. Note from Table 18 that the branching fractions
for the decays B¯s → η(′)ω and B¯s → η(′)φ are several orders of magnitude smaller than
the corresponding branching fractions for the decays B¯s → η(′)η(′). For the η(′)ω final
states this occurs because the ω meson is assumed to have no strange component. For
the case of the η(′)φ final states there is a strong cancellation between the PV and V P
penguin amplitudes αˆc4(η
(′)φ) and αˆc4(φη
(′)). The corresponding branching fractions can
be enhanced by an order of magnitude by choosing a different value for ms or giving up
the assumption of universal annihilation. The direct CP asymmetries of the penguin-
dominated Bs decays with ∆S = 1 are predicted to be small except for the modes with
very small branching fractions.
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Table 18: CP-averaged branching ratios (in units of 10−6) of penguin-
dominated B¯s → PP decays (top) and B¯s → PV decays (bottom) with
∆S = 1. The errors and scenarios have the same meaning as in Section 5.
Mode Theory S1 S2 S3 S4
B¯s → K+K− 22.7+3.5+12.7+2.0+24.1−3.2− 8.4−2.0− 9.1 28.0 33.4 34.3 36.1
B¯s → K0K¯0 24.7+2.5+13.7+2.6+25.6−2.4− 9.2−2.9− 9.8 24.0 35.6 36.7 38.3
B¯s → ηη 15.6+1.6+9.9+2.2+13.5−1.5−6.8−2.5− 5.5 14.9 22.7 21.4 22.5
B¯s → ηη′ 54.0+5.5+32.4+8.3+40.5−5.2−22.4−6.4−16.7 52.4 79.5 72.3 77.7
B¯s → η′η′ 41.7+4.2+26.3+15.2+36.6−4.0−17.2− 8.5−15.4 41.4 63.4 60.2 65.5
B¯s → K+K∗− 4.1+1.7+1.5+1.0+9.2−1.5−1.3−0.9−2.3 7.4 4.3 9.0 13.7
B¯s → K0K¯∗0 3.9+0.4+1.5+1.3+10.4−0.4−1.4−1.4− 2.8 3.8 4.2 9.1 14.3
B¯s → K−K∗+ 5.5+1.3+5.0+0.8+14.2−1.4−2.6−0.7− 3.6 3.3 9.9 13.0 9.0
B¯s → K¯0K∗0 4.2+0.4+4.6+1.1+13.2−0.4−2.2−0.9− 3.2 4.1 8.7 11.4 7.9
B¯s → ηω 0.012+0.005+0.010+0.028+0.025−0.004−0.003−0.006−0.006 0.017 0.011 0.010 0.009
B¯s → η′ω 0.024+0.011+0.028+0.077+0.042−0.009−0.006−0.010−0.015 0.024 0.024 0.039 0.033
B¯s → ηφ 0.12+0.02+0.95+0.54+0.32−0.02−0.14−0.12−0.13 0.15 1.02 0.24 1.47
B¯s → η′φ 0.05+0.01+1.10+0.18+0.40−0.01−0.17−0.08−0.04 0.05 1.08 0.07 2.10
Table 19: Direct CP asymmetries (in units of 10−2) of penguin-dominated
B¯s → PP decays (top) and B¯s → PV decays (bottom) with ∆S = 1. We only
consider modes with branching fractions larger than 10−7.
Mode Theory S1 S2 S3 S4
B¯s → K+K− 4.0+1.0+2.0+0.5+10.4−1.0−2.3−0.5−11.3 3.2 3.0 −4.5 −4.7
B¯s → K0K¯0 0.9+0.2+0.2+0.1+0.2−0.2−0.2−0.1−0.3 0.9 0.7 0.6 0.6
B¯s → ηη −1.6+0.5+0.6+0.4+2.2−0.4−0.6−0.7−2.2 −1.7 −1.1 −0.4 −0.1
B¯s → ηη′ 0.4+0.1+0.3+0.1+0.4−0.1−0.3−0.1−0.3 0.4 0.4 0.3 0.2
B¯s → η′η′ 2.1+0.5+0.4+0.2+1.1−0.6−0.4−0.3−1.2 2.1 1.7 1.3 1.0
B¯s → K+K∗− 2.2+0.6+8.4+5.1+68.6−0.7−8.0−5.9−71.0 1.2 1.8 −34.8 −10.0
B¯s → K0K¯∗0 1.7+0.4+0.6+0.5+1.4−0.5−0.5−0.4−0.8 1.7 1.5 1.0 0.8
B¯s → K−K∗+ −3.1+1.0+3.8+1.6+47.5−1.1−2.6−1.3−45.0 −5.2 −2.4 18.8 26.6
B¯s → K¯0K∗0 0.2+0.0+0.2+0.1+0.2−0.1−0.3−0.1−0.1 0.2 0.3 0.1 0.1
B¯s → ηφ −8.4+2.0+30.1+14.6+36.3−2.1−71.2−44.7−59.7 −6.5 3.8 −8.7 −9.5
B¯s → η′φ −62.2+15.9+132.3+80.8+122.4−10.2− 84.2−46.8− 49.9 −61.1 −8.9 −34.0 7.5
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Table 20: CP-averaged branching ratios (in units of 10−6) of tree-dominated
B¯s → PP decays (top) and B¯s → PV decays (bottom) with ∆S = 1.
Mode Theory S1 S2 S3 S4
B¯s → π0η 0.075+0.013+0.030+0.008+0.010−0.012−0.025−0.010−0.007 0.097 0.069 0.077 0.073
B¯s → π0η′ 0.11+0.02+0.04+0.01+0.01−0.02−0.04−0.01−0.01 0.15 0.10 0.10 0.10
B¯s → π0ω ≈ 0.0005 0.0004 0.0004 0.0033 0.0024
B¯s → π0φ 0.12+0.03+0.04+0.01+0.02−0.02−0.04−0.01−0.01 0.16 0.12 0.12 0.12
B¯s → ρ0η 0.17+0.03+0.07+0.02+0.02−0.03−0.06−0.02−0.01 0.23 0.17 0.18 0.17
B¯s → ρ0η′ 0.25+0.06+0.10+0.02+0.02−0.05−0.08−0.02−0.02 0.35 0.24 0.24 0.24
Table 21: Direct CP asymmetries (in units of 10−2) of tree-dominated B¯s →
PP decays (top) and B¯s → PV decays (bottom) with ∆S = 1. We only
consider modes with branching fractions larger than 10−7.
Mode Theory S1 S2 S3 S4
B¯s → π0η′ 27.8+6.0+9.6+2.0+24.7−7.1−5.7−2.0−27.2 19.5 26.1 36.6 35.3
B¯s → π0φ 27.2+6.1+9.8+2.7+32.0−6.8−5.6−2.4−37.1 20.0 25.2 27.2 24.8
B¯s → ρ0η 27.8+6.4+9.1+2.6+25.9−6.7−5.7−2.2−28.4 21.0 25.1 16.4 15.6
B¯s → ρ0η′ 28.9+6.1+10.3+1.5+24.8−7.5− 6.3−1.8−27.5 20.0 26.1 36.7 32.2
Tables 20 and 21 contain results for tree-dominated Bs decays with ∆S = 1. The
corresponding branching fractions are very small, typically of order few times 10−7.
Accordingly, the direct CP asymmetries can be large in all cases but will hardly be ob-
servable in the near future. As an example we quote the simplified amplitude expressions
AB¯s→pi0ω = 0 and √
2AB¯s→pi0φ = Aφpi
[
δpu α2 + δpc
3
2
αc3,EW
]
. (112)
The amplitudes for modes with η or η′ are given in Appendix A.
Some of the Bs decays with ∆S = 1 receive only annihilation contributions. As
shown in Table 22 these modes have tiny branching fractions of order few times 10−9 to
few times 10−8. The simplified expressions for the corresponding decay amplitudes are
AB¯s→pi+ρ− = AB¯s→pi0ρ0 = δpc
[
Bpiρ b
c
4 +Bρpi b
c
4
]
. (113)
The amplitude for B¯s → π−ρ+ is obtained from the first expression by interchanging
π ↔ ρ everywhere. The expressions for the B¯s → ππ amplitudes are obtained by setting
ρ→ π.
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Table 22: CP-averaged branching ratios (in units of 10−6) of annihilation-do-
minated B¯s → PP decays (top) and B¯s → PV decays (bottom) with ∆S = 1.
Mode Theory S1 S2 S3 S4
B¯s → π+π− 0.024+0.003+0.025+0.000+0.163−0.003−0.012−0.000−0.021 0.027 0.032 0.149 0.155
B¯s → π0π0 0.012+0.001+0.013+0.000+0.082−0.001−0.006−0.000−0.011 0.014 0.016 0.075 0.078
B¯s → π+ρ− ≈ 0.003 0.002 0.003 0.019 0.014
B¯s → π0ρ0 ≈ 0.003 0.002 0.003 0.019 0.017
B¯s → π−ρ+ ≈ 0.003 0.002 0.003 0.019 0.015
8.1.2 Decays with ∆D = 1
Most Bs decays with ∆D = 1 are dominated by tree topologies. The branching fractions
and direct CP asymmetries of these decays are given in Tables 23 and 24. The decays
B¯s → π−K+, π−K∗+, and ρ−K+ have large branching fractions of order (1–2)·10−5. The
corresponding neutral modes have much smaller rates. The direct CP asymmetries are
predicted to be of moderate, sometimes even large magnitude, ranging from order 10%
for the charged modes to significantly larger values for the neutral modes. The simplified
expressions for the corresponding decay amplitudes are
AB¯s→pi−K+ = AKpi
[
δpu α1 + αˆ
p
4
]
,
√
2AB¯s→pi0K0 = AKpi
[
δpu α2 − αˆp4
]
.
(114)
The right-hand sides of the expressions must be multiplied with λ
(d)
p and summed over
p = u, c. The amplitudes for B¯s → πK∗ and B¯s → ρK are obtained by interchanging
(π,K) ↔ (π,K∗) or (π,K) ↔ (ρ,K) everywhere. Note that these decays are governed
by a relatively simple pattern of tree–penguin interference, which allows extractions of
the penguin coefficients αˆc4 and gives sensitivity to γ.
The branching fractions for the remaining Bs decays with ∆D = 1 are smaller,
typically of order few times 10−7 (except for B¯s → K0η′). The simplified expressions for
the B¯s → K0ω, K0φ decay amplitudes are
√
2AB¯s→K0ω = AKω
[
δpu α2 + 2α
p
3 + αˆ
p
4
]
,
AB¯s→K0φ = AKφ αp3 + AφK αˆp4 .
(115)
The amplitudes for modes with η or η′ are given in Appendix A. In the first case the tree
contribution is color suppressed, while the second process is a pure penguin decay. This
explains the small branching fractions. Correspondingly, we predict generically large
direct CP asymmetries for these modes.
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Table 23: CP-averaged branching ratios (in units of 10−6) of B¯s → PP decays
(top) and B¯s → PV decays (bottom) with ∆D = 1.
Mode Theory S1 S2 S3 S4
B¯s → π−K+ 10.2+4.5+3.8+0.7+0.8−3.9−3.2−1.2−0.7 6.8 8.1 10.4 8.3
B¯s → π0K0 0.49+0.28+0.22+0.40+0.33−0.24−0.14−0.14−0.17 0.95 0.68 0.60 0.61
B¯s → K0η 0.34+0.19+0.64+0.21+0.16−0.16−0.27−0.07−0.08 0.65 0.42 0.38 0.37
B¯s → K0η′ 2.0+0.3+1.5+0.6+1.5−0.3−1.1−0.3−0.6 2.6 3.0 2.7 2.9
B¯s → π−K∗+ 8.7+4.6+3.5+0.7+0.8−3.7−2.9−1.0−0.7 10.1 6.7 9.0 6.8
B¯s → π0K∗0 0.25+0.08+0.10+0.32+0.30−0.08−0.06−0.14−0.14 0.15 0.39 0.36 0.33
B¯s → K+ρ− 24.5+11.9+9.2+1.8+1.6− 9.7−7.8−3.0−1.6 21.3 19.2 24.6 19.8
B¯s → K0ρ0 0.61+0.33+0.21+1.06+0.56−0.26−0.15−0.38−0.36 0.82 0.58 0.70 0.68
B¯s → K0ω 0.51+0.20+0.15+0.68+0.40−0.18−0.11−0.23−0.25 0.33 0.50 0.58 0.63
B¯s → K0φ 0.27+0.09+0.28+0.09+0.67−0.08−0.14−0.06−0.18 0.43 0.54 0.64 0.46
B¯s → ηK∗0 0.26+0.15+0.49+0.15+0.57−0.13−0.22−0.05−0.15 0.52 0.29 0.54 0.57
B¯s → η′K∗0 0.28+0.04+0.46+0.23+0.29−0.04−0.24−0.10−0.15 0.23 0.24 0.39 0.67
Table 24: Direct CP asymmetries (in units of 10−2) of B¯s → PP decays (top)
and B¯s → PV decays (bottom) with ∆D = 1.
Mode Theory S1 S2 S3 S4
B¯s → π−K+ −6.7+2.1+3.1+0.2+15.5−2.2−2.9−0.4−15.2 −10.0 −8.5 7.7 10.9
B¯s → π0K0 41.6+16.6+14.3+ 7.8+40.9−12.0−13.3−14.5−51.0 21.4 33.6 14.3 4.6
B¯s → K0η 46.8+18.5+28.6+ 5.2+34.6−13.2−32.2−12.5−45.6 24.1 39.3 28.6 24.2
B¯s → K0η′ −36.6+8.6+6.0+3.8+19.3−8.2−7.4−2.5−17.3 −28.8 −29.5 −22.2 −18.2
B¯s → π−K∗+ 0.6+0.2+1.4+0.1+19.9−0.1−1.7−0.1−20.1 0.5 1.6 −18.5 −22.0
B¯s → π0K∗0 −45.7+14.3+13.0+28.4+80.0−16.0−11.6−28.0−59.7 −79.3 −41.9 0.3 15.4
B¯s → K+ρ− −1.5+0.4+1.2+0.2+12.1−0.4−1.4−0.3−12.1 −1.7 −1.7 10.1 6.2
B¯s → K0ρ0 24.7+7.1+14.0+22.8+51.3−5.2−12.4−17.7−52.3 18.3 24.5 −11.8 11.6
B¯s → K0ω −43.9+13.6+18.0+30.6+57.7−13.4−18.2−30.2−49.3 −67.5 −40.9 −9.6 −30.1
B¯s → K0φ −10.3+3.0+4.7+3.7+5.0−2.4−3.0−4.1−7.5 −6.4 −10.5 −6.3 −7.4
B¯s → ηK∗0 40.2+17.0+24.6+7.8+65.9−11.5−30.8−14.0−96.3 20.4 36.3 −11.7 0.6
B¯s → η′K∗0 −58.6+16.9+41.4+19.9+44.9−11.9−11.7−13.9−35.7 −70.8 −54.5 −24.9 −32.7
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9 Conclusions
In this paper we extended our previous analysis [10] of B-meson decays to ππ and
πK final states and to final states with η(′) mesons [18] within the QCD factorization
approach to all two-body final states with pseudoscalar mesons or one pseudoscalar
and one vector meson, including also decays of Bs mesons. The main motivation for
performing a comprehensive analysis of all 96 final states is to obtain a global assessment
of the phenomenology of QCD factorization with a consistent common input to all decay
modes, and to display possible correlations between the various modes.
The theoretical analysis follows [10]. The computation is performed at next-to-
leading order in αs for the hard-scattering kernels at leading order in 1/mb, and simi-
larly for the kernels that multiply the subleading twist-3 quark–antiquark distribution
amplitudes. Spectator scattering effects at subleading power in 1/mb (including weak
annihilation), which do not generally factorize, are estimated by a phenomenological
model and assigned a 100% uncertainty (including an arbitrary strong-interaction phase).
On the technical side, the generalization of the decay amplitudes computed in [10] to
pseudoscalar–vector final states is for most parts straightforward, involving only a few
sign changes in the decay amplitudes and a few new hard-scattering kernels. For the
analysis of this paper only the kernels for the twist-3 quark–antiquark amplitudes of vec-
tor mesons needed to be computed anew. We also discussed a new electroweak penguin
effect that contributes only to neutral vector mesons.
We have taken this comprehensive analysis as the occasion to summarize in a unified
notation all results available at next-to-leading order in QCD factorization. The matrix
elements of the effective weak Hamiltonian are decomposed according to their flavor
structure. A complete list of all decay amplitudes expressed in terms of the flavor
coefficients (which generalizes and simplifies the more familiar ai and bi notation) is
given in Appendix A. The next-to-leading order results for the coefficients are given in
Section 2, including the results from [10] for completeness.
The comparison of theory with data shows many interesting effects, which we sum-
marize here. We should note, however, that no experimental information exists to date
for the majority of the 96 decay modes considered in this paper. This will allow further
tests of the theory in the future. When passed successfully, this implies a rich source
of information on flavor-changing transitions in the quark sector from purely hadronic
decays.
Results related to the pipi, piK final states
A detailed discussion of these modes can be found in [10]. Since 2001 the experimental
errors have been reduced by almost a factor of two. QCD factorization continues to
provide a natural explanation for the magnitudes of the tree and penguin amplitudes
relevant to these decays. The theory with default input parameters does not fare well
on the π−π+ decay mode, which it predicts too large, and on the π0K¯0 mode, which
it predicts too small. The former discrepancy is often interpreted as evidence of a
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large value of γ or large rescattering. We find that an alternative “hadronic physics”
explanation is possible if the B → π form factor is about 15% smaller than usually
assumed, the strange-quark mass is at the lower end of the currently favored range, and
if the color-suppressed tree amplitude is enhanced, for example by a sizable spectator-
scattering effect. While the evidence for this scenario is not conclusive now, crucial
input will be provided by a measurement of the semileptonic decay rate near q2 =
0. Interestingly, this scenario is also favored by measurements of the decay rates for
B¯0 → π∓ρ±. With regard to the “π0K¯0 anomaly”, we find that the large experimental
B¯0 → π0K¯0 rate cannot be explained by a different value of γ, and that “hadronic
physics” explanations appear extremely unlikely. While a significant modification of the
electroweak penguin amplitude due to “New Physics” may explain the effect, we consider
it to be more likely a statistical fluctuation.
It will require more data to arrive at a conclusive picture for the direct CP asymme-
tries. While it appears now certain that the asymmetries are small for the πK modes, in
agreement with the predictions of QCD factorization, a quantitative comparison needs
better statistics and a more accurate theoretical computation. The experimental situa-
tion for the π−π+ final state is still unsettled. If a direct CP asymmetry of order 50%
is confirmed in the future, the factorization framework would be in trouble. Similar
comments apply to other observations of large direct CP asymmetries, which at present
all have large experimental errors.
Results related to the piρ final states
The πρ system discussed in Section 6 exhibits some advantages for studies of CP viola-
tion that render it highly interesting even within the limitations of the quasi two-body
assumption. We defined and discussed several ratios of πρ branching fractions that
should shed light on the magnitudes of the hadronic amplitudes underlying this class
of decays. The theoretical predictions for these ratios are in good agreement with the
available data. In particular, QCD factorization predicts that the two distinct penguin-
to-tree ratios in the πρ system are about a factor of three smaller than the corresponding
ratio for ππ, and have smaller errors. If this can be confirmed, it implies that γ can be
determined relatively accurately from time-dependent CP violation measurements. We
considered the five quantities that parameterize the time-dependent asymmetries in the
decays B0, B¯0 → π∓ρ± in detail. If data and theory are taken at face value, we deter-
mine γ ≈ 70◦ with an error of about 10◦ from the asymmetry S. This value is consistent
with a less accurate result obtained from the corresponding quantity in the ππ system (if
one takes the average of the two experiments, which are mutually incompatible). This
appears intriguing but should be taken with some reservation, since the central values of
the direct CP asymmetries ACP and C are once more larger than theoretically expected.
We anticipate that, with more data available soon, the πρ system will play an important
role in the understanding of hadronic decays and CP violation.
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Results related to the penguin-dominated PV final states
The comparison of the penguin-dominated final states πK, πK∗ and ρK allows for
crucial tests of the factorization framework, since the PP , PV , and V P penguin am-
plitudes take very different values for reasons specific to factorization. The πK∗ data
are indeed consistent with a smaller penguin amplitude; however, as has been noted
before [20, 22, 23], the reduction is not as large as predicted by theory. With default
parameters one underestimates the amplitude by about 40%, but the theoretical error
on the penguin amplitude for vector-meson final states is large, in particular the one
from weak annihilation. This taken into account, the prediction may be in agreement
with the measured branching fractions within their errors. However, the situation is
not satisfactory, since one would wish to have an explanation of the data that does not
invoke weak annihilation.
The estimate of weak annihilation is necessarily model-dependent in the QCD factor-
ization approach. In particular, the error range (technically implemented by requiring
̺A < 1) has to be specified as an “educated guess”. It is therefore desirable to derive
experimental constraints on weak annihilation. It was already found in [10] that the
πK branching fractions do not favor a sizable annihilation amplitude, since this would
require a fine-tuning of its strong phase to keep the branching fraction small enough.
On the other hand, such a coincidence cannot be excluded. Assuming this to happen
and further assuming universal annihilation amplitudes, we find that several branching
fractions of pseudoscalar–vector final states, in particular Kφ, are much above the data
for ̺A ≥ 2. This, together with an estimate of the pure annihilation mode B¯d → D+s K−
[63], seem to imply that weak annihilation cannot be much larger than the upper limit
defined by the phenomenological treatment adopted in the present analysis and in [10].
As a by-product of the analysis of penguin-dominated PV modes, we also obtain an
estimate of the difference of the time-dependent CP asymmetries in J/ψKS, φKS, and
η′KS decays. As may have been expected, the factorization approach does not contain
any mechanism that could enhance the CKM-suppressed amplitudes with a different
weak phase, limiting the CP-asymmetry differences to a few percent.
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Note added in proof
After submission of this paper the following experimental results relevant to our analysis
have been published: (1) The branching fraction for the decay B¯0 → π0π0 now reads
(1.9±0.5)·10−6 [98, 99], which is significantly larger than expectations. (2) The branching
fraction for the decay B− → K−ρ0 has been measured by Belle to be (3.9 ± 0.8) · 10−6
[100], in good agreement with the predicted suppression of the V P penguin amplitude
discussed in Section 5.1. (3) The branching fraction for the decay B− → π−K¯∗0 from
Belle now reads (8.5 ± 1.3) · 10−6 [100], less than half as large as before but in good
agreement with the previous CLEO measurement. If this central value were confirmed
by BaBar, this would remove one of the major discrepancies between data and the results
of QCD factorization, see Section 5.1.
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Appendix A: Explicit results for the decay amplitudes
The results for the large set of B¯q → PP, PV decay amplitudes can be expressed most
concisely in terms of traces over flavor matrices. We collect the three B-meson states
into a row vector B = (B−, B¯0, B¯s) and represent the final-state pseudoscalar and vector
mesons by matrices
P =

pi0√
2
+ ηq√
2
+
η′q√
2
π− K−
π+ − pi0√
2
+ ηq√
2
+
η′q√
2
K¯0
K+ K0 ηs + η
′
s
 ,
V =

ρ0√
2
+ ωq√
2
+ φq√
2
ρ− K∗−
ρ+ − ρ0√
2
+ ωq√
2
+ φq√
2
K¯∗0
K∗+ K∗0 ωs + φs
 ,
(116)
respectively. (One should also add a c¯c component for η and η′, whose contribution is
given by (51).) In addition, we define a column vector
Λp =
 0λ(d)p
λ
(s)
p
 (117)
containing CKM matrix elements, as well as matrices
U p =
 δpu 0 00 0 0
0 0 0
 , Qˆ = 3
2
Q =
 1 0 00 −12 0
0 0 −1
2
 . (118)
Finally, we use the definitions of the quantities AM1M2, αi(M1M2) and βi(M1M2) given
in (11), (9) and (18). Then the entity of all decay amplitudes AB¯→M1M2 is reproduced
by evaluating the master expression∑
p=u,c
AM1M2
{
BM1
(
α1U p + α
p
4 + α
p
4,EW Qˆ
)
M2Λp
+BM1Λp · Tr
[(
α2U p + α
p
3 + α
p
3,EW Qˆ
)
M2
]
+B
(
β2U p + β
p
3 + β
p
3,EW Qˆ
)
M1M2Λp
+BΛp · Tr
[(
β1U p + β
p
4 + b
p
4,EW Qˆ
)
M1M2
]
+B
(
βS2U p + β
p
S3 + β
p
S3,EW Qˆ
)
M1Λp · TrM2
+BΛp · Tr
[(
βS1U p + β
p
S4 + b
p
S4,EW Qˆ
)
M1
]
· TrM2
}
, (119)
74
where αi ≡ αi(M1M2) and βi ≡ βi(M1M2). We recall that the αi terms include ver-
tex, penguin and hard spectator contributions, whereas the βi terms result from weak
annihilation. Contributions proportional to U p are from the current–current operators,
those proportional to the unit matrix are from QCD penguins, and those proportional
to the charge matrix are from electroweak penguins.
To determine the amplitude for a particular decay, for instance B¯0 → π+K−, one
inserts P for M1 and M2 and extracts the terms corresponding to π
+K−. When π+
comes fromM1 the prefactor is ApiK , otherwise it is AKpi. For pseudoscalar–vector final
states both possibilities, M1 = P ,M2 = V andM1 = V ,M2 = P , must be summed
and the AM1M2 prefactor is determined as above. For some pure annihilation amplitudes
the form factor B¯ → M1 does not exist, and AM1M2 is not defined. In this case the
expressions AM1M2 βi must be replaced by BM1M2 bi. See Section 2.2 for the definition of
the relevant quantities.
We now list our results for the various decay amplitudes expressed in terms of the αi
and βi parameters. Several sets of amplitudes have the same representation in terms of
flavor parameters, apart from obvious substitutions of labels.
A.1 Decays with ∆S = 1
In this section the expressions for decay amplitudes must be multiplied with λ
(s)
p and
summed over p = u, c. Throughout, the order of the arguments of the αpi (M1M2) and
βpi (M1M2) coefficients is determined by the order of the arguments of the AM1M2 pref-
actors. There is a total of 17 B¯ → PP and 31 B¯ → PV amplitudes, which split up as
(4,4,9) and (8,8,15) into the flavor states (B−, B¯0, B¯s).
B¯ → πK¯(∗) and B¯ → ρK¯ decay amplitudes
There are four independent amplitudes, given by
AB−→pi−K¯0 = ApiK¯
[
δpu β2 + α
p
4 − 12αp4,EW + βp3 + βp3,EW
]
,
√
2AB−→pi0K− = ApiK¯
[
δpu (α1 + β2) + α
p
4 + α
p
4,EW + β
p
3 + β
p
3,EW
]
+ AK¯pi
[
δpu α2 +
3
2
αp3,EW
]
,
AB¯0→pi+K− = ApiK¯
[
δpu α1 + α
p
4 + α
p
4,EW + β
p
3 − 12βp3,EW
]
,
√
2AB¯0→pi0K¯0 = ApiK¯
[−αp4 + 12αp4,EW − βp3 + 12βp3,EW]
+ AK¯pi
[
δpu α2 +
3
2
αp3,EW
]
. (120)
Isospin symmetry implies that
√
2AB¯0→pi0K¯0 = −AB−→pi−K¯0 +
√
2AB−→pi0K− −AB¯0→pi+K− . (121)
The expressions for the B¯ → πK¯∗ and B¯ → ρK¯ amplitudes are obtained by setting
(πK¯)→ (πK¯∗) and (πK¯)→ (ρK¯), respectively.
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B¯ → K¯(∗)η(′) and B¯ → K¯ω/φ decay amplitudes
There are two independent amplitudes, given by
√
2AB−→K−η = AK¯ηq
[
δpu (α2 + 2βS2) + 2α
p
3 +
1
2
αp3,EW + 2β
p
S3 + 2β
p
S3,EW
]
+
√
2AK¯ηs
[
δpu (β2 + βS2) + α
p
3 + α
p
4 − 12αp3,EW − 12αp4,EW + βp3 + βp3,EW
+ βpS3 + β
p
S3,EW
]
+
√
2AK¯ηc [δpc α2 + α
p
3]
+ AηqK¯
[
δpu (α1 + β2) + α
p
4 + α
p
4,EW + β
p
3 + β
p
3,EW
]
,
√
2AB¯0→K¯0η = AK¯ηq
[
δpu α2 + 2α
p
3 +
1
2
αp3,EW + 2β
p
S3 − βpS3,EW
]
+
√
2AK¯ηs
[
αp3 + α
p
4 − 12αp3,EW − 12αp4,EW + βp3 − 12βp3,EW + βpS3 − 12βpS3,EW
]
+
√
2AK¯ηc [δpc α2 + α
p
3]
+ AηqK¯
[
αp4 − 12αp4,EW + βp3 − 12βp3,EW
]
. (122)
The amplitudes for B¯0 → K¯η′, B¯0 → K¯∗η(′), and B¯0 → K¯ω/φ are obtained from this
result by replacing (K¯η)→ (K¯η′), (K¯η)→ (K¯∗η(′)), and (K¯η)→ (K¯ω/φ), respectively.
When ideal mixing for ω and φ is assumed, set AK¯ωs and AK¯φq to zero. Furthermore,
with our approximations AK¯ωc = AK¯φc = 0.
B¯s → ππ and B¯s → πρ decay amplitudes
There are two independent amplitudes, given by
AB¯s→pi+ρ− = Bpiρ
[
bp4 − 12bp4,EW
]
+ Bρpi
[
δpu b1 + b
p
4 + b
p
4,EW
]
,
2AB¯s→pi0ρ0 = Bpiρ
[
δpu b1 + 2b
p
4 +
1
2
bp4,EW
]
+ Bρpi
[
δpu b1 + 2b
p
4 +
1
2
bp4,EW
]
. (123)
The amplitudes for B¯s → π−ρ+ is obtained from the first expression by interchanging
π ↔ ρ everywhere. In the limit of isospin symmetry the following relation holds:
2AB¯s→pi0ρ0 = AB¯s→pi+ρ− +AB¯s→pi−ρ+ . (124)
The expressions for the B¯s → ππ amplitudes are obtained by setting ρ→ π.
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B¯s → K¯(∗)K(∗) decay amplitudes
There are two independent amplitudes, given by
AB¯s→K¯0K0 = BK¯K
[
bp4 − 12bp4,EW
]
+ AKK¯
[
αp4 − 12αp4,EW + βp3 + βp4 − 12βp3,EW − 12βp4,EW
]
,
AB¯s→K−K+ = BK¯K
[
δpu b1 + b
p
4 + b
p
4,EW
]
+ AKK¯
[
δpu α1 + α
p
4 + α
p
4,EW + β
p
3 + β
p
4 − 12βp3,EW − 12βp4,EW
]
. (125)
The amplitudes for B¯s → K¯K∗ and B¯s → K¯∗K are obtained from these expressions by
replacing (K¯K)→ (K¯K∗) and (K¯K)→ (K¯∗K), respectively.
B¯s → πη(′), B¯s → πω/φ, and B¯s → ρη(′) decay amplitudes
There is only one independent amplitude, given by
2AB¯s→pi0η = Bpiηq
[
δpu (b1 + 2bS1) +
3
2
bp4,EW + 3b
p
4S,EW
]
+
√
2Bpiηs
[
δpu bS1 +
3
2
bp4S,EW
]
+ Bηqpi
[
δpu b1 +
3
2
bp4,EW
]
+
√
2Aηspi
[
δpu α2 +
3
2
αp3,EW
]
. (126)
The amplitudes for B¯s → πη′, B¯s → πω/φ, and B¯s → ρη(′) are obtained from these
results by replacing (πη) → (πη′), (πη) → (πω/φ), and (πη) → (ρη(′)), respectively.
When ideal mixing for ω and φ is assumed, set Bpiωs and Bpiφq to zero.
B¯s → η(′)η(′) and B¯s → η(′)ω/φ decay amplitudes
There is only one independent amplitude, given by
2AB¯s→ηη′ = Bηqη′q
[
δpu (b1 + 2bS1) + 2b
p
4 +
1
2
bp4,EW + 4b
p
S4 + b
p
S4,EW
]
+
√
2Bηqη′s
[
δpu bS1 + 2b
p
S4 +
1
2
bpS4,EW
]
+
√
2Aηsη′q
[
δpu α2 + 2α
p
3 +
1
2
αp3,EW + 2β
p
S3 + 2β
p
S4 − βpS3,EW − βpS4,EW
]
+ 2Aηsη′s
[
αp3 + α
p
4 − 12αp3,EW − 12αp4,EW + βp3 + βp4 − 12βp3,EW − 12βp4,EW
+ βpS3 + β
p
S4 − 12βpS3,EW − 12βpS4,EW
]
+ 2Aηsη′c [δpc α2 + α
p
3]
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+ Bη′qηq
[
δpu (b1 + 2bS1) + 2b
p
4 +
1
2
bp4,EW + 4b
p
S4 + b
p
S4,EW
]
+
√
2Bη′qηs
[
δpu bS1 + 2b
p
S4 +
1
2
bpS4,EW
]
+
√
2Aη′sηq
[
δpu α2 + 2α
p
3 +
1
2
αp3,EW + 2β
p
S3 + 2β
p
S4 − βpS3,EW − βpS4,EW
]
+ 2Aη′sηs
[
αp3 + α
p
4 − 12αp3,EW − 12αp4,EW + βp3 + βp4 − 12βp3,EW − 12βp4,EW
+ βpS3 + β
p
S4 − 12βpS3,EW − 12βpS4,EW
]
+ 2Aη′sηc [δpc α2 + α
p
3] . (127)
The amplitudes for B¯s → ηη, B¯s → η′η′, and B¯s → η(′)ω/φ are obtained from this
result by replacing (ηη′) → (ηη), (ηη′) → (η′η′), and (ηη′) → (η(′)ω/φ), respectively.
When ideal mixing for ω and φ is assumed, set A
η
(′)
s ωs
, A
η
(′)
s φq
, B
η
(′)
q ωs
, B
η
(′)
q φq
to zero.
Furthermore, with our approximations A
η
(′)
s ωc
= A
η
(′)
s φc
= 0.
A.2 Decays with ∆D = 1
In this subsection the expressions for decay amplitudes must be multiplied with λ
(d)
p
and summed over p = u, c. Throughout, the order of the arguments of the αpi (M1M2)
and βpi (M1M2) coefficients is determined by the order of the arguments of the AM1M2
prefactors. There is a total of 17 B¯ → PP and 31 B¯ → PV amplitudes, which split up
as (4, 9, 4) and (8, 15, 8) into the flavor states (B−, B¯0, B¯s).
B¯ → ππ and B¯ → πρ decay amplitudes
There are three independent amplitudes, given by
√
2AB−→pi−ρ0 = Apiρ
[
δpu (α2 − β2)− αp4 + 32αp3,EW + 12αp4,EW − βp3 − βp3,EW
]
+ Aρpi
[
δpu (α1 + β2) + α
p
4 + α
p
4,EW + β
p
3 + β
p
3,EW
]
,
AB¯0→pi+ρ− = Apiρ
[
δpu α1 + α
p
4 + α
p
4,EW + β
p
3 + β
p
4 − 12βp3,EW − 12βp4,EW
]
+ Aρpi
[
δpu β1 + β
p
4 + β
p
4,EW
]
,
−2AB¯0→pi0ρ0 = Apiρ
[
δpu (α2 − β1)− αp4 + 32αp3,EW + 12αp4,EW − βp3 − 2βp4
+ 1
2
βp3,EW − 12βp4,EW
]
+ Aρpi
[
δpu (α2 − β1)− αp4 + 32αp3,EW + 12αp4,EW − βp3 − 2βp4
+ 1
2
βp3,EW − 12βp4,EW
]
. (128)
The amplitudes for B− → π0ρ− and B¯0 → π−ρ+ are obtained from the first two expres-
sions by interchanging π ↔ ρ everywhere. In the limit of isospin symmetry the following
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relation holds:
2AB¯0→pi0ρ0 = AB¯0→pi+ρ− +AB¯0→pi−ρ+ −
√
2
(
AB−→pi−ρ0 +AB−→pi0ρ−
)
. (129)
The expressions for the B¯ → ππ amplitudes are obtained by setting ρ→ π.
B¯ → K¯(∗)K(∗) decay amplitudes
There are three independent amplitudes, given by
AB−→K−K0 = AK¯K
[
δpu β2 + α
p
4 − 12αp4,EW + βp3 + βp3,EW
]
,
AB¯0→K−K+ = AK¯K
[
δpu β1 + β
p
4 + β
p
4,EW
]
+ BKK¯
[
bp4 − 12bp4,EW
]
,
AB¯0→K¯0K0 = AK¯K
[
αp4 − 12αp4,EW + βp3 + βp4 − 12βp3,EW − 12βp4,EW
]
+ BKK¯
[
bp4 − 12bp4,EW
]
. (130)
The amplitudes for B¯ → K¯K∗ and B¯ → K¯∗K are obtained from these by replacing
(K¯K)→ (K¯K∗) and (K¯K)→ (K¯∗K), respectively.
B¯ → πη(′), B¯ → ρη(′) and B¯ → πω/φ decay amplitudes
There are two independent amplitudes, given by
√
2AB−→pi−η = Apiηq
[
δpu (α2 + β2 + 2βS2) + 2α
p
3 + α
p
4 +
1
2
αp3,EW − 12αp4,EW
+ βp3 + β
p
3,EW + 2β
p
S3 + 2β
p
S3,EW
]
+
√
2Apiηs
[
δpu βS2 + α
p
3 − 12αp3,EW + βpS3 + βpS3,EW
]
+
√
2Apiηc [δpc α2 + α
p
3]
+ Aηqpi
[
δpu (α1 + β2) + α
p
4 + α
p
4,EW + β
p
3 + β
p
3,EW
]
,
−2AB¯0→pi0η = Apiηq
[
δpu (α2 − β1 − 2βS1) + 2αp3 + αp4 + 12αp3,EW − 12αp4,EW
+ βp3 − 12βp3,EW − 32βp4,EW + 2βpS3 − βpS3,EW − 3βpS4,EW
]
+
√
2Apiηs
[−δpu βS1 + αp3 − 12αp3,EW + βpS3 − 12βpS3,EW − 32βpS4,EW]
+
√
2Apiηc [δpc α2 + α
p
3] (131)
+ Aηqpi
[
δpu (−α2 − β1) + αp4 − 32αp3,EW − 12αp4,EW + βp3 − 12βp3,EW − 32βp4,EW
]
.
The amplitudes for B¯ → πη′, B¯ → ρη(′), and B¯ → πω/φ are obtained from these results
by replacing (πη) → (πη′), (πη) → (ρη(′)), and (πη) → (πω/φ), respectively. When
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ideal mixing for ω and φ is assumed, set Apiωs and Apiφq to zero. Furthermore, with our
approximations Apiωc = Apiφc = 0.
B¯ → η(′)η(′) and B¯ → η(′)ω/φ decay amplitudes
There is only one independent amplitude, given by
2AB¯0→ηη′ = Aηqη′q
[
δpu (α2 + β1 + 2βS1) + 2α
p
3 + α
p
4 +
1
2
αp3,EW − 12αp4,EW
+ βp3 + 2β
p
4 − 12βp3,EW + 12βp4,EW + 2βpS3 + 4βpS4 − βpS3,EW + βpS4,EW
]
+
√
2Aηqη′s
[
δpu βS1 + α
p
3 − 12αp3,EW + βpS3 + 2βpS4 − 12βpS3,EW + 12βpS4,EW
]
+
√
2Aηqη′c [δpc α2 + α
p
3]
+
√
2Bηsη′q
[
2bpS4 − bpS4,EW
]
+ 2Bηsη′s
[
bp4 − 12bp4,EW + bpS4 − 12bpS4,EW
]
+ Aη′qηq
[
δpu (α2 + β1 + 2βS1) + 2α
p
3 + α
p
4 +
1
2
αp3,EW − 12αp4,EW
+ βp3 + 2β
p
4 − 12βp3,EW + 12βp4,EW + 2βpS3 + 4βpS4 − βpS3,EW + βpS4,EW
]
+
√
2Aη′qηs
[
δpu βS1 + α
p
3 − 12αp3,EW + βpS3 + 2βpS4 − 12βpS3,EW + 12βpS4,EW
]
+
√
2Aη′qηc [δpc α2 + α
p
3]
+
√
2Bη′sηq
[
2bpS4 − bpS4,EW
]
+ 2Bη′sηs
[
bp4 − 12bp4,EW + bpS4 − 12bpS4,EW
]
. (132)
The amplitudes for B¯0 → ηη, B¯0 → η′η′, and B¯0 → η(′)ω/φ are obtained from this
result by replacing (ηη′) → (ηη), (ηη′) → (η′η′), and (ηη′) → (η(′)ω/φ), respectively.
When ideal mixing for ω and φ is assumed, set A
η
(′)
q ωs
, A
η
(′)
q φq
, B
η
(′)
s ωs
, B
η
(′)
s φq
to zero.
Furthermore, with our approximations A
η
(′)
q ωc
= A
η
(′)
q φc
= 0.
B¯s → πK(∗) and B¯s → ρK decay amplitudes
There are two independent amplitudes, given by
AB¯s→pi−K+ = AKpi
[
δpu α1 + α
p
4 + α
p
4,EW + β
p
3 − 12βp3,EW
]
,
√
2AB¯s→pi0K0 = AKpi
[
δpu α2 − αp4 + 32αp3,EW + 12αp4,EW − βp3 + 12βp3,EW
]
. (133)
The expressions for the B¯s → πK∗ and B¯s → ρK amplitudes are obtained by setting
(πK)→ (πK∗) and (πK)→ (ρK), respectively.
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B¯s → K(∗)η(′) and B¯s → Kω/φ decay amplitudes
There is only one independent amplitude, given by
√
2AB¯s→K0η = AKηq
[
δpu α2 + 2α
p
3 + α
p
4 +
1
2
αp3,EW − 12αp4,EW + βp3 − 12βp3,EW
+2βpS3 − βpS3,EW
]
+
√
2AKηs
[
αp3 − 12αp3,EW + βpS3 − 12βpS3,EW
]
+
√
2AKηc [δpc α2 + α
p
3]
+
√
2AηsK
[
αp4 − 12αp4,EW + βp3 − 12βp3,EW
]
. (134)
The amplitudes for B¯s → Kη′, B¯s → K∗η(′), and B¯s → Kω/φ are obtained from this
result by replacing (Kη)→ (Kη′), (Kη)→ (K∗η(′)), and (Kη)→ (Kω/φ), respectively.
When ideal mixing for ω and φ is assumed, set AKωs and AKφq to zero. Furthermore,
with our approximations AKωc = AKφc = 0.
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Appendix B: Convolution integrals
The convolution integrals of the hard-scattering kernels with meson light-cone distri-
bution amplitudes can be evaluated using expansions of the distribution amplitudes in
terms of Gegenbauer polynomials. In [10] the corresponding expressions for final states
containing two pseudoscalar mesons were given including the first three terms in this
expansion. Here we list the corresponding results for the convolution integrals involving
the twist-3 distribution amplitude Φv(x), which are needed for pseudoscalar–vector final
states. We include the first three terms in the Gegenbauer expansion (27).
The convolution integral entering the vertex corrections for the coefficients ap6,8 is∫ 1
0
dxΦv(x) h(x) = 9− 6iπ +
(
19
6
− iπ
)
αV2,⊥ + . . . , (135)
with h(x) as given in (38). The hard spectator contributions involve the divergent
integral ∫ 1
0
dx
Φv(x)
1− x = Φv(1)XH − (6 + 9α
V
1,⊥ + 11α
V
2,⊥ + . . . ) , (136)
where Φv(1) = 3
∑
n α
V
n,⊥. The penguin contributions involve the convolution
ĜV (s) =
∫ 1
0
dxΦv(x)G(s− iǫ, 1− x) , (137)
where G(s, x) is the penguin function defined in (40). We obtain
ĜV (s) =
1
6
(6 + 2αV1,⊥ + α
V
2,⊥)− 4s (9 + 12αV1,⊥ + 14αV2,⊥)
− 6s2 (8αV1,⊥ + 35αV2,⊥) + 360s3 αV2,⊥
+ 12s
√
1− 4s [1 + (1 + 4s)αV1,⊥ + (1 + 15s− 30s2)αV2,⊥]
× (2 arctanh√1− 4s− iπ)
− 12s2 [1 + (3− 4s)αV1,⊥ + 2(3− 10s+ 15s2)αV2,⊥]
× (2 arctanh√1− 4s− iπ)2 + . . . . (138)
For the special cases s = 0 and s = 1, this expression reduces to
ĜV (0) = 1 +
αV1,⊥
3
+
αV2,⊥
6
+ . . . ,
ĜV (1) = −35 + 4
√
3π +
4π2
3
+
(
−287
3
+ 20
√
3 π − 4π
2
3
)
αV1,⊥
+
(
565
6
− 56
√
3π +
64π2
3
)
αV2,⊥ + . . . . (139)
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Appendix C: Summary of experimental results
In Tables 25–28 we compile the available experimental data on the CP-averaged branch-
ing fractions and CP asymmetries in B → PP and B → PV decays, distinguishing the
two classes of decays of the type ∆S = 1 and ∆D = 1. We also present our weighted
averages of the data (ignoring correlated errors, which are small). Where measurements
are inconsistent, the combined error is inflated by a factor of S =
√
χ2/(N − 1), which
is shown in parenthesis.
Table 25: CP-averaged branching ratios (top, in units of 10−6) and CP asym-
metries (bottom, in %) for B¯ → PP decays with ∆S = 1. Upper limits are at
90% confidence level. We show S =
√
χ2/(N − 1) in cases where S > 1.
Mode BaBar Belle CLEO Average
Penguin-dominated decays
B− → π−K¯0 20.0± 1.6± 1.0 [65] 22.0± 1.9± 1.1 [84] 18.8+3.7+2.1−3.3−1.8 [91] 20.6± 1.3
B− → π0K− 12.8+1.2−1.1 ± 1.0 [73] 12.8± 1.4+1.4−1.0 [84] 12.9+2.4+1.2−2.2−1.1 [91] 12.8± 1.1
B¯0 → π+K− 17.9± 0.9± 0.7 [73] 18.5± 1.0± 0.7 [84] 18.0+2.3+1.2−2.1−0.9 [91] 18.2± 0.8
B¯0 → π0K¯0 10.4± 1.5± 0.8 [75] 12.6± 2.4± 1.4 [84] 12.8+4.0+1.7−3.3−1.4 [91] 11.2± 1.4
B− → ηK− 2.8+0.8−0.7 ± 0.2 [71] 5.3+1.8−1.5 ± 0.6 [84] 2.2+2.8−2.2 (< 6.9) [96] 3.1± 0.7
B¯0 → ηK¯0 2.6+0.9−0.8 ± 0.2 (< 4.6) [71] < 12 [84] < 9.3 [96] < 4.6
B− → η′K− 76.9± 3.5± 4.4 [69] 78± 6± 9 [84] 80+10− 9 ± 7 [96] 77.6± 4.6
B¯0 → η′K¯0 55.4± 5.2± 4.0 [69] 68± 10+9−8 [84] 89+18−16 ± 9 [96] 60.6± 7.0
(S = 1.3)
Mode BaBar Belle CLEO Average
Penguin-dominated decays
B− → π−K¯0 −17± 10± 2 [77] 7+9+1−8−3 [84] 18± 24± 2 [95] −2± 9
(S = 1.4)
B− → π0K− −9± 9± 1 [73] 23± 11+1−4 [84] −29± 23± 2 [95] 1± 12
(S = 1.8)
B¯0 → π+K− −10± 5± 2 [76] −7± 6± 1 [84] −4± 16± 2 [95] −9± 4
B¯0 → π0K¯0 3± 36± 9 [75] — — 3± 37
B− → ηK− −32+22−18 ± 1 [71] — — −32± 20
B− → η′K− 3.7± 4.5± 1.1 [69] −1± 7± 1 [83] 3± 12± 2 [95] 2± 4
B¯0 → η′K¯0 −10± 22± 3 [69] 26± 22± 4 [86] — 8± 18
(S = 1.1)
Sη′KS : 2± 34± 3 [69] 71± 37+5−6 [86] — 33± 34
(S = 1.4)
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Table 26: CP-averaged branching ratios (top, in units of 10−6) and CP asym-
metries (bottom, in %) for B¯ → PV decays with ∆S = 1. Upper limits are at
90% confidence level.
Mode BaBar Belle CLEO Average
Penguin-dominated decays
B− → π−K¯∗0 15.5± 1.8+1.5−3.2 [74] 19.4+4.2+2.1+3.5−3.9−2.1−6.8 [89] 7.6+3.5−3.0 ± 1.6 (< 16) [94] 13.0± 3.0
(S = 1.4)
B− → π0K∗− — — < 31 [94] < 31
B¯0 → π+K∗− — 14.8+4.6+1.5+2.4−4.4−1.0−0.9 [79] 16+6−5 ± 2 [92] 15.3± 3.8
B¯0 → π0K¯∗0 — — < 3.6 [94] < 3.6
B− → K¯0ρ− — — < 48 [65] < 48
B− → K−ρ0 < 6.2 [74] < 12 [89] < 17 [94] < 6.2
B¯0 → K−ρ+ 7.3+1.3−1.2 ± 1.3 [66] 15.1+3.4+1.4+2.0−3.3−1.5−2.1 [79] 16.0+7.6−6.4 ± 2.8 (< 32) [94] 8.9± 2.2
(S = 1.4)
B¯0 → K¯0ρ0 — < 12 [88] < 39 [65] < 12
B− → ηK∗− 22.1+11.1− 9.2 ± 3.3 [83] 26.5+7.8−7.0 ± 3.0 [83] 26.4+9.6−8.2 ± 3.3 [96] 25.4± 5.3
B¯0 → ηK¯∗0 19.8+6.5−5.6 ± 1.7 [83] 16.5+4.6−4.2 ± 1.2 [83] 13.8+5.5−4.6 ± 1.6 [96] 16.4± 3.0
B− → η′K∗− — < 90 [83] < 35 [96] < 35
B¯0 → η′K¯∗0 < 13 [83] < 20 [83] < 24 [96] < 13
B− → K−ω 5.0± 1.0± 0.4 [70] 6.7+1.3−1.2 ± 0.6 [80] 3.2+2.4−1.9 ± 0.8 (< 7.9) [94] 5.3± 0.8
B¯0 → K¯0ω 5.3+1.4−1.2 ± 0.5 [70] 4.0+1.9−1.6 ± 0.5 (< 7.6) [80] 10.0+5.4−4.2 ± 1.4 (< 21) [94] 5.1± 1.1
B− → K−φ 10.0+0.9−0.8 ± 0.5 [72] 9.4± 1.1± 0.7 [82] 5.5+2.1−1.8 ± 0.6 [93] 9.2± 1.0
(S = 1.4)
B¯0 → K¯0φ 7.6+1.3−1.2 ± 0.5 [72] 9.0+2.2−1.8 ± 0.7 [82] 5.4+3.7−2.7 ± 0.7 (< 12.3) [93] 7.7± 1.1
Mode BaBar Belle CLEO Average
Penguin-dominated decays
B¯0 → π+K∗− — — 26+33+10−34− 8 [90] 26± 35
B¯0 → K−ρ+ 28± 17± 8 [66] 22+22+6−23−2 [79] — 26± 15
B− → K−ω −5± 16± 1 [70] 6+20−18 ± 1 [80] — 0± 12
B− → K−φ 3.9± 8.6± 1.1 [72] 1± 12± 5 [83] — 3± 7
B¯0 → K¯0φ 80± 38± 12 [67] −56± 41± 16 [86] — 19± 68
(S = 2.3)
SφKS : −18± 51± 7 [67] −73± 64± 22 [86] — −38± 41
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Table 27: CP-averaged branching ratios (top, in units of 10−6) and CP asym-
metries (bottom, in %) for B¯ → PP decays with ∆D = 1. Upper limits are
at 90% confidence level.
Mode BaBar Belle CLEO Average
Tree-dominated decays
B− → π−π0 5.5+1.0−0.9 ± 0.6 [73] 5.3± 1.3± 0.5 [84] 4.6+1.8+0.6−1.6−0.7 [91] 5.3± 0.8
B¯0 → π+π− 4.7± 0.6± 0.2 [76] 4.4± 0.6± 0.3 [84] 4.5+1.4+0.5−1.2−0.4 [91] 4.6± 0.4
B¯0 → π0π0 1.6+0.7+0.6−0.6−0.3 [73] 1.8+1.4+0.5−1.3−0.7 [84] — 1.6± 0.7
< 3.6 [73] < 4.4 [84] < 4.4 [91] < 3.6
B− → π−η 4.2+1.0−0.9 ± 0.3 [71] 5.2+2.0−1.7 ± 0.6 [84] 1.2+2.8−1.2 (< 5.7) [96] 3.9± 0.9
(S = 1.1)
B¯0 → π0η — — < 2.9 [96] < 2.9
B− → π−η′ < 12 [78] < 7 [83] < 12 [96] < 7
B¯0 → π0η′ — — < 5.7 [96] < 5.7
Penguin-dominated decays
B− → K−K0 < 2.2 [65] < 3.4 [84] < 3.3 [91] < 2.2
B¯0 → K¯0K0 < 1.6 [65] < 3.2 [84] < 3.3 [91] < 1.6
Pure annihilation decays
B¯0 → K−K+ < 0.6 [76] < 0.7 [84] < 0.8 [91] < 0.6
Mode BaBar Belle Average
Tree-dominated decays
B− → π−π0 −3+18−17 ± 2 [73] −14± 24+5−4 [84] −7± 14
B¯0 → π+π− 30± 25± 4 [76] 77± 27± 8 [85] 51± 23
(S = 1.2)
Spi+pi− : 2± 34± 5 [76] −123± 41+8−7 [85] −49± 61
(S = 2.3)
B− → π−η −51+20−18 ± 1 [71] — −51± 19
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Table 28: CP-averaged branching ratios (top, in units of 10−6) and CP asym-
metries (bottom, in %) for B¯ → PV decays with ∆D = 1. Upper limits are
at 90% confidence level.
Mode BaBar Belle CLEO Average
Tree-dominated decays
B− → π−ρ0 9.3± 1.0± 0.8 [64] 8.0+2.3−2.0 ± 0.7 [87] 10.4+3.3−3.4 ± 2.1 [94] 9.1± 1.1
B− → π0ρ− 11.0± 1.9± 1.9 [64] — < 43 [94] 11.0± 2.7
B¯0 → π+ρ− 13.9± 2.7 [61] — — 13.9± 2.7
B¯0 → π−ρ+ 8.9± 2.5 [61] — — 8.9± 2.5
B¯0 → π±ρ∓ 22.6± 1.8± 2.2 [66] 29.1+5.0−4.9 ± 4.0 [81] 27.6+8.4−7.4 ± 4.2 [94] 24.0± 2.5
B¯0 → π0ρ0 < 2.5 [64] 6.0+2.9−2.3 ± 1.2 [81] < 5.5 [94] < 2.5
B− → π−ω 5.4± 1.0± 0.5 [70] 5.7+1.4−1.3 ± 0.6 [80] 11.3+3.3−2.9 ± 1.4 [94] 5.9± 1.0
(S = 1.2)
B¯0 → π0ω < 3 [78] < 1.9 [80] < 5.5 [94] < 1.9
B− → ηρ− < 6.8 [83] < 6.2 [83] < 15 [96] < 6.2
B¯0 → ηρ0 — < 5.5 [83] < 10 [96] < 5.5
B− → η′ρ− — — < 33 [96] < 33
B¯0 → η′ρ0 — < 14 [83] < 12 [96] < 12
Penguin-dominated decays
B− → π−φ < 0.41 [72] — < 5 [97] < 0.4
B¯0 → π0φ — — < 5 [97] < 5
B− → K−K∗0 — — < 5.3 [94] < 5.3
Mode BaBar Belle CLEO Average
Tree-dominated decays
B− → π−ρ0 −17± 11± 2 [64] — — −17± 11
B− → π0ρ− 23± 16± 6 [64] — — 23± 17
B¯0 → π+ρ− −11+16−17 ± 4 [68] — — −11± 17
B¯0 → π−ρ+ −62+24−28 ± 6 [68] — — −62± 27
B¯0 → π±ρ∓:
ACP −18± 8± 3 [66] −38+19+4−21−5 [81] — −21± 8
Cpi±ρ∓ 36± 18± 4 [66] — — 36± 18
Spi±ρ∓ 19± 24± 3 [66] — — 19± 24
∆Cpi±ρ∓ 28
+18
−19 ± 4 [66] — — 28± 19
∆Spi±ρ∓ 15± 25± 3 [66] — — 15± 25
B− → π−ω 4± 17± 1 [70] 48+23−20 ± 2 [80] −34± 25± 2 [95] 9± 21
(S = 1.8)
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